SYNTHESIS OF SMALL MOLECULE PEPTIDOMIMETICS AND 
THEIR CONFORMATIONALLY CONSTRAINED ANALOGUES AS 
POTENTIAL HIV PROTEASE INHIBITORS 


A Thesis Submitted in Partial 
Fulfillment of the Requirements 
For the Degree of 
DOCTOR OF PHILOSOPHY 


By 

E.N. PRABHAKARAN 


To 

THE DEPARTMENT OF CHEMISTRY 
INDIAN INSTITUTE OF TECHNOLOGY 
KANPUR 


June 2000 



DEDICATED 

AT 

THE 

LOTUS FEET 
OF 




S<SJSAWYji SAI 







A 



:1.3,42.8.D. 



TABLE OF CONTENTS 


STATEMENT 

CERTIFICATE 

CERTIFICATE 

ACKNOWLEDGEMENTS 

SYNOPSIS 

PART A SECTION I 1 

Polyaniline Supported Cobalt Acetate Catalysed Three- 
Component Coupling: Synthesis of p-amino acid 
Derivatives as Structural Analogues of HIV PR 
Inhibitors 

PART A SECTION II 92 

Polyaniline Supported Cobalt Salen Catalysed synthesis 
of p-Phenylisoeerine Derivatives Containing HMC 
Isostere: Regio- and Chemo- selective Opening of 
Epoxides For The Synthesis of Macrocyclic Precursors 


PART B SECTION I 201 

Conformationally Constrained (3 -Phenyl isoserine Derived 
Peptides via Ring Closure Metathesis 

PART B SECTION II 283 


Peptides as Mimics for the Bio- active Conformation of 
Phe-Pro Residue of HIV Protease Ligands 


REFERENCES 


356 



STATEMENT 


I hereby declare that the matter embodied in this thesis is the result of 
investigations carried out by me in the Department of Chemistry, Indian Institute of 
Technology, Kanpur, INDIA, under the supervision of Prof Javed Iqbal. 

In keeping with the general practice of reporting scientific observations, due 
acknowledgements have been made wherever the work described is based on findings of 
other investigators. 


Kanpur 

June, Z o cj C 


(E.N. Prabhakaranj 



DEPARTMENT OF CHEMISTRY 


INDIAN INSTITUTE OF TECHNOLOGY, KANPUR 

INDIA 

CERTIFICATE 

This is to certify that Mr. E.N. Prabhakaran has satisfactorily completed all the courses 
required for the Ph.D. programme. 

These courses include: 

CHM 602 ADVANCED ORGANIC CHEMISTRY II 
CHM 611 PHYSICAL ORGANIC CHEMISTRY 

CHM 631 APLICATION OF MODERN INSTRUMENTAL METHODS CHM 

CHM 664 MODERN PHYSICAL METHODS IN CHEMISTRY 

CHM 646 BIO-ORGANIC CHEMISTRY 

CHM 668 ADVANCED MAIN GROUP CHEMISTRY 

CHM 800 GENERAL SEMINAR 

CHM 801 GRADUATE SEMINAR 

CHM 900 POST GRADUATE RESEARCH 

Mr. E.N. Prabhakaran successfully completed his Ph.D. qualifying examination in 
November 1995. 




(N. Sathyamurthy) 


Head 

Department of Chemistry 
LET. Kanpur 


'fV(P .K. Bharadwaj) 


Convenor, 

Department Post Gradate Committee, 
Department of Chemistry 
LET. Kanpur 




Certificate II 



This is to certify that the work carried out in the thesis entitled 
"‘’Synthesis of small molecule peptidomimetics and their 
conformationally constrained analogues as potential HIV 
protease inhibitors'^ has been carried out by Mr. E. N. Prabhakaran 
under my supervision and the same has not been submitted 


elsewhere for a degree. 


Hyderabad 



May 31,2000 


Professor, 


Department of Chemistry 


IIT Kanpur 


Acknowledgements 


During the Pilgrimage towards higher living and learning in life, many idols have 
fascinated and shaped my thoughts, actions and deeds, towards whatever humble targets I 
have been able to reach thus far. The following is only a few of those who have been 
instrumental in such a process. I bow to one and all of them, in gratitude. 

Words are inadequate to express my gratitude towards my philosopher and guide, Prof J. 
Iqbal, for shaping my thesis and thoughts. The value of the knowledge that he imparted 
through discussions every day can never be quantified. Salutations to you dear Sir. My 
gratitude is also due to Mrs.Iqbal, for her loving care through out my stay at IIT K. 

Heart felt gratitude to one of my idols at IIT K, Prof Y.D.Vankar, for feeding an inspiring 
out look towards organic chemistry through his thought provoking and informative course 
in organic chemistry. I thank you. Sir. 

1 take this opportunity to thank an inspirational teacher. Prof R.N.Mukherjee, for both 
taking care of us and setting high standards for untiring work. I thank Prof Sarkar for 
being my well-wisher. I cherish especially, his ever encouraging, smile. 

I wonder if I could thank Profs. T.K.Chandrashekar, V.Chandrashekar and V.K. Singh 
enough, for allowing me to use their lab facilities at times of need. I am highly indebted to 
you Sirs. My heartfelt thanks to all the faculty at the Dept. Of chemistry IIT K, for their 
contributions in various forms, towards shaping my during these years. 

Thanks a lot to all the scientists and instrumentationalists at IIT K, namely, Mjs. Vankar, 
Mr.N. Ahmed, Sasi and Mr.Bhausar, for contributing their time for the recording of 
spectra. Thanks to Mr.Subramaniam, Mr.Bhaskaran and Mr.Sairam at the glass blowing 
section of our institute. 

I take this opportunity to thank Prof N.R.Krishnaswamy, Prof. U.S.Rao, Prof. Anil 
Kumar, Drs. Janardana.C, Anil Kumar, Srinivas.N, Ravi Kumar, Narahari, Sundaresan, 
Gopinath, Jain.R.K., Swamy.K.L.N., Narasimhamuthy'ji, Jagadeshwara Rao, and all my 
TEACHERS and idols at the Sri Sathya Sai Institute of Higher Learning. They truly have 
set the foundations on which I wish to build during the rest of my sojourn. I bow to YOU 
in all humility and respect. 

Thanks for the invaluable memories during the process of Self Building to my friends, 
R.L.Narasimhan, Kalyana Raman, Major. SParthasarathy, Dr. Srikanth Iyer, Viswanath, 
Shankar, Annan Rajesh.S, C.Ananth, Madhu Sundar, Balaji.S, Shyam, Rashmi Sanghi, and 
all my other friends. My love to my sister Radhai, for her encouragement that saw me 
receiving my gold medal. Special thanks to my colleagues and friends, J.P.Narayanan, 
Drs.Saravanan and Sekar for their help during many experirnental studies. Thanks to all 
my batch mates, especially, Sridevi and Srinivas. 

Thanks to all my Triplicane friends and fnends of Kamakala Kameshwarar koil. Thanks to 
all my school teachers, especially Mbs, Nagarathinam, Mrs. Leela, Mrs. Uma Parvathy, 
Mrs. Kaveri Padmanaban, Mr. Umesh and Dr. Santhanam whose ideals and memories 
shall remain to guide me throughout my life. 

My thanks, filled with love for my sisters, Choti, Dubie, Pushki, Iffi, Shalu, Meenakshi, 
Huma, Khalida, Roopa and brothers Rajesh.V., Rajesh.S, Venkatraman, Nagarajan, 
Kamlesh, Bahadur, for giving all the love and encouragement during my stay at IIT K. My 
love for them, forever. 

I take this opportunity to thank my past and present lab mates for being what they were, 
during the process of my post graduate life at IIT Kanpur. Special Thanks to late Asit 



Name of the Student : E.N.Prabhakaran Roll No. : 9510768 

Degree for which submitted ; Ph. D. Department : CHEMISTRY 

Thesis Supervisor ; Prof. Javed Iqbal 
Month and Year of thesis Submission : N £ 2.0CC 

The work presented in the thesis entitled "Synthesis of Small Molecule Peptidomimetics 
and Their Conformationally Constrained Analogues as Potential HIV Protease 
Inhibitors" is summarised in the following pages. The thesis has been divided into two 
parts. The first part deals about the synthesis of small molecule peptidomimetics 
incorporating novel isosteres, for better binding at the HIV Protease active site. The 
second part is about the synthesis of conformationally constrained peptide analogues. Each 
part has been divided into two sections. Each section follows an introduction for a better 
understanding of the section. 

PART A 

Section I 

POLYANILINE SUPPORTED COBALT ACETATE CATALYSED THREE- 
COMPONENT COUPLING: SYNTHESIS OF 3-AMINO ACID DERIVATIVES 
AS STRUCTURAL ANALOGUES OF BOV PR INHIBITORS 
This section describes a Polymer-Supported, Multi Component Coupling synthetic 
methodology, for the synthesis of a library of small molecule 3-amino acid derivatives 
containing novel a-acetyl- / a-(l-hydroxyethyO-carbonyl isosteres as potential 
mechanism based inhibitors of aspartyl proteases. 



This simple methodology involves the coupling of a ketone and an aldehyde with 
acetonitrile, in the presence of polyanUme supported cobalt (11) acetate (PASCO A), and 
acetylchloride to provide 3-acetamido ketones containing the a-acetylcarbonyl isostere. 






Reduction of these P-acetamido ketones led to the synthesis of oc-(l-hydroxyeth\i )- 
carbonyl isostere containing P-aryl homoisothreonine derivatives. These P-amino acid 
derivatives can be selectively deprotected at the N- and C-termini, for incorporation as 
part of peptide systems. 

The advantages in this synthetic methodology are its simple, non-aqueous purilkation 
procedure for isolation of the P-amino acid derivatives, circumventing the need for column 
chromatography, the P-acetamido ketones are synthesised in high diastereonicric purit)’ 
(anti ; syn - >7 ; 1); the p-aryl homoisothreonine derivatives are synthesised almost 
exclusively as the 1,3-syn diasteriomeric products. To our knowledge, this is the first 
report of its kind for the synthesis of a library of p-acetamido ketone derivatives. 

These smaU molecule peptides are acyclic structural analogues of the potent coumarin 
based fflV PR inhibitors, Warfarin and Phenprocoumon. Novel isosteres, namely a-( 1 - 
hydroxyethyl) and a-acetylcarbonyl have been incorporated with the binding elements 
present away from the scissile peptide bond site which could lead to better binding 
interactions with the active site of aspartyl proteases like the HIV PR, 

Section II 

POLYANELINE SUPPORTED COBALT SALEN CATALYSED SYNTHESIS OF 
P-PHENYLISOSERINE DERIVATIVES CONTAINING HMC ISOSTERE: 
REGIO- and CHEMO-SELECTIVE opening of epoxides for THE 
SYNTHESIS OF MACROCYCLIC PRECURSORS 

This se«ion describes the synthesis of libra^ of tripeptides containing the trans-oxirane 
group for potential irreversible binding with aspartyl protease active site. The 
ormation is effected by the epoxidation ofN-cinnamoyl dipeptides in the presence of 
Pofyamkne Supported Coi^taDSalen (PASCOS) and 2-™ethylpnopanal in acetonitrile. 




generated epoxide of N-cinnamoyl-dipeptides with meta-ommo phenol, leading to the 
synthesis of p-phenylisoserine and L-proline containing tripeptide isosteres in the presence 
of PASCOS, as acyclic precursors for macrolactonisation. 
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One-Pot Synthesis of p-Phenylisoserine Derived Macrolactone Precursors 


The developed methodology also follows an one-pot epoxidation and its opening by meta- 
amino phenol, of N-cinnamoyl dipeptides in the presence of PASCOS catalyst. 


PARTB 

Section I 

CONFORMATIONALLY CONSTRAINED p-PHENYLISOSERINE DERIVED 
PEPTIDES VIA RING CLOSURE METATHESIS 

This section describes the synthesis of acyclic precursors containing the P-phenylisoserine 
derivative, incorporating the a-hydroxymethylenecarbonyl isostere, for cyclisation by Ring 
Closure Metathesis (RCM), using Grubb's ruthenium benzylidene catalyst. N-ciimamoyl - 
mono, -di and -tripeptide allylesters underwent chemo selective epoxidation in the 
presence of PASCOS catalyst to yield the corresponding glycyl derivatives. High enantio 
selectivities were observed for the epoxidation of N-cinnamoyl-proline containing 
peptides. Opening of the epoxides with N-allyl anisidine in the presence of cobalt (II) 
chloride led to the synthesis of acyclic diene precursors containing the p-phenylisoserine 
derivative, for cyclisation via RCM protocol. 
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General Methodology for the Synthesis of Small Molecule 1 ripeptides L 
Containing Trans Oxirane, From the N-cinnamoyl-dipeptide Systems D 

It was observed that N-cinnamoyl-proline containing peptides undergo substrate-directed 

enatiomeric epoxidation, by this protocol. The absolute stereochemistry ol the 

predominant oxirane diastereomer has been assigned on the basis of chemical correlations 

as (3S, 2R)-3-phenylgylcyl. 



N-Cinnamoyl-Proline 
containing peptides 

Substrate Directed Stereoselective Epoxidation of 


N-Cinnamoyl-Proline Containing Peptides 


A methodology for the synthesis of library of P-phenylisoserine derived tripeptides has 
been developed for the hydroxyamination of N-cinnamoyl dipeptides to the corresponding 
p-phenylisoserine derived tripeptides in one-pot in the presence of PASCOS. 



Supported Cobalt (U) Salen (PASCOS) catalyst. The opening has been observed to 
proceed predomnantly by an S„2 pathway to yield the ant, products in major amounts. 
The section also describes a highly chemo- and regio- selective ring opening of i>; .v,to 






Cyclisation studies on the diene precursors via RCM using Grubb's ruthenium benzylidene 
catalyst led to the synthesis of cyclic peptides with proline as the middle residue of the 
tripeptides. The results of the study emphasise the need for a structural pre-organising 
element like g-turn in the precursors for cyclisation, which is provided by proline as the 
i=lth residue. 


Ring Closure Metathesis 



To the best of our knowledge this is the first report of its kind, for the cyclisation of 
peptides hy directly locking the N- and C- termini of peptidomimics, via RCM protocol. 


Section H 

Peptides as Mimics for the Bio-active Conformation of Phe-Pro Residue of HIV 
Protease Ligands 

This section describes the synthesis of aziridine containing peptides as conformationally 
constrained phenylalanine derived peptides as potential irreversible inhibitors of HIV PR. 
Conformational constrain on the Phe has been introduced so that it could lead us towards 
the bioactive conformation of protease inhibitors. The design is based on the unique 
specificity shown by HIV PR for the Phe-Pro peptide bond. 

N-cinnamoyl-peptide allylamides undergo substrate directed, highly c/zemo- and eriantio- 
selective epoxidation in the presence of PASCOS to lead to the corresponding 3- 





phenylglycidic acid derivatives. NMR and molecular model studies suggest the presence of 
a y-turn motif, responsible for the observed high facial bias. 



These epoxide containing peptides have been converted to the corresponding aziridine 
containing peptides via ring opening of the epoxide by azido alcohol and its subsequent 
ring closure by reaction with triphenylphosphine. These aziridine containing peptides have 
been proposed to be conformationally constrained Phe-Pro peptidomimics suited tor 
irreversible binding with the active site of aspartyl proteases. 


Conformationally Constrained Phenyalanine Containing Peptides 



Acylation of the aziridines by cinnamic acid and N-cinnamoyl-amino acids led to the 
synthesis of oligopeptides incorporating the conformationally constrained Phe analogue. 



These aziridine containing peptides have been shown to be good synthons for the synthesis 
of peptides containing a variety of conformationally constrained phenylalanine analogues. 






PART A SECTION I 


POLYANILINE SUPPORTED COBALT ACETATE 
CATALYSED THREE-COMPONENT COUPLING: 
SYNTHESIS OF p-AMINO ACID DERVIATIVES AS 
STRUCTURAL ANALOGUES OF HIV PR INHIBITORS 



Part A Section I 


Introduction to Peptides and Proteases 


introduction to Peptides 


Proteins are one of the most fascinating and essential components in the functioning of 
living systems. Several permutations and combinations of a-amino acids combine to form 
proteins, a-amino acids are covalently bonded together by an amide bond, called the 
peptide bond. The semi-rigidity of the amide bond, by virtue of its resonance stabilized 
structure; the hydrophobicity and hydrophilicity of the side chain groups; inter- and intra- 
molecular hydrogen bonding interactions between the carbonyls and the amide 
hydrogens; and the numerous possible types of "turns" that amino acids (each to its 
extent, by virtue of it's unique side chain) introduce in the peptide framework; render the 
peptide a locally constrained conformational structure called the "Secondary Structure" of 
the protein. Any understanding and study of proteins requires the understanding to a basic 
extent, of the different features of these secondary structures. 

The secondary structure of each protein is its fingerprint and is primarily based on the 
sequence of amino acids that form the peptide backbone. Polar side chains of amino acids 
form hydrogen bonds. The amide groups function as very strong hydrogen donors and 
the carbonyl groups function as acceptors. Charged and polar side chains fold the poly- 
peptide such that usually they are at the molecular surface. Proteins are as tightly packed 
as good molecular crystals. Rotation around the peptide bond in general, is inhibited by 
resonance (Figure 1). 
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Figure-1 

The stiff peptide bond restricts the poly-peptide chain flexibility appreciably. In addition, 
the peptide unit is rather bulky and gives rise to substantial steric hindrance^ which in 
turn restricts the free rotation aroimd the N-Ca and the Ca-C bond of the chain. With a 
stiff peptide bond and with rather rigid bond lengths and bond angles, the conformation 
of the poly-peptide chain^ is essentially as shown in Figure 2. 
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Part A Section I 


Introduction to Peptides and Proteases 

The peptide conformation is defined by the (j)i and T'i angles (Figure-2). Except for Gly 
and Pro, all sterically allowed regions for other amino acids are essentially the same. In a 
hard-sphere model only 8 % - 22 % of the space remains conformationally allowed.^ 



Direction of 
Chain Progression 
N- to C-terminal 


by the two dihedral angles 


Figure-2 

Pro behaves differently because its side chain binds to the peptide nitrogen and fixes (j) to 
-60 ° ± 20 For Pro, the allowed (ji-variation reflects different pucker possibilities of the 
pyrrolidine ring. This results in the reduction in energy gap between cis- and trans- 
configuration in proline (~3 kcal/mol) making proline as the only natural amino acid that 
can exist in both the configurations with similar 0350 .“^ 



Figure-3 

The energy barrier between the cis and trans structures for linear amino acid containing 
peptides is = 20 k cal/mol. This is lower only for Pro. Here, concomitant changes in the 
pyrrolidine ring puckering decreases the barrier. During the folding process in peptides. 
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Part A Section I Introduction to Peptides and Proteases 

Pro residues undergo spontaneous isomerisation since energy difference between the cis 
and trans isomers is only about 2 kcal/mol in favor of trans. Hence, in comparison, the 
trans bond is superior to the cis bond because geometrically it is not as restrictive as the 
cis bond. 

Secondary Structures in Proteins 

Proteins adopt definite conformational arrangements by unique folding, primarily based 
on their amino acid sequences. On the basis of covalent structure of its backbone, two of 
the most common secondary structures in a polypeptide are the a-helix and p-sheet. 
Whereas a-helix is formed by intra-molecular H-bonding, p-sheets result from the inter- 
molecular H-bonds between the amide NH and the carbonyl of regularly arranged 
adjutant poly-peptide chains. 



a-Helix 

p-Pleated Sheet « = residues per turn, d = axial shift per residue, 

n.d = pitch of the helix, r = radius of the helix 


Turns in Peptides 


Figure-4 


i+2 



The structure of a P-tum 
Figure-5 


One important feature that is responsible and essential for the stability of the secondary 

structures of proteins is the ability of peptide chains to form a sharp reverse turn which 
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Introduction to Peptides and Proteases 


contains a hydrogen bond. Depending upon the number of atoms in the thus formed 
cycle, through H-bonds, the turns are named as j3 and y. There are various types of these 
turns, all differing in the dihedral angle values (|) and \i/ as shown in Figure-5. 

Most of these reverse turns are at protein surfaces and serve as highly specific recognition 
sites, a feature particularly helpful while designing ligands (e.g. as drugs) for interactions 
with proteins. These turns are points of least resistance to non-covalent forces trying to 
bend the chain. There are a large variety of observed reverse turns (Figure-5), 
demonstrating that none of them has a particularly stable conformation. Any slight 
changes in the polypeptide chain can either form or break an existing reverse turn. Thus, 
these turns and twists are as a result of local optimization. 

Presence of other elements of secondary structure 

In secondary structures linear-group symmetry is found. In all levels above secondary 
structures, (e.g. p-sheet, which is an aggregation of few secondary structures) point group 
symmetry is found (e.g. the existence of a C 2 -axis of symmetry in the HIV -1 PR). These 
have served as primary elements to specifically target drug molecules towards these poly- 
peptides or enzymes. In larger aggregates a space-group symmetry is found. Presence of 
these elements and a hierarchical order among them, have been instrumental in a better 
understanding of proteins. 

Protein - Ligand Interactions 

Proteins are selective in their interactions with cell constituents. In contrast to naturally 
occurring proteins, chemically synthesized polypeptides of random sequence behave like 
small children.^ Natural proteins were educated by evolution to touch only a small 
selection of molecules.^ This was only possible because they learned to form defined 
compact structures m contrast to synthetic polypeptides. Specific binding is an individual 
property of proteins. Consequently, most proteins are specialized in interacting with one 
or more specific "targets". The smooth physiological operation of living organisms is 
possible only because a natural protein does- not take advantage of the intrinsic capacity 
of polypeptides to bind ail kinds of small molecules, but specialize in a few specific ones. 
Enzyme action 

Proteins function primarily based on the secondary structures they uniquely adopt 

according to the "environment" or the substrate (or the ligand) that they interact with. 
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Introduction to Peptides and Proteases 


Each interaction, in order that the enzyme is specific in its action, takes place only at 
certain well-defined "fractions" of the proteins, with definite secondary structures, called 
the "active site" of the enzyme. All differences and therefore all information are restricted 
to the rather short chains. Proteins are synthesized on ribosomal systems. After synthesis 
on the ribosomal systems, the polypeptide chain folds spontaneously to an amino acid 
sequence-dependent globular protein by adopting a state of "lower free energy".^ The 
resulting chain fold determines the "specificity" of the protein. 

Metabolism, an essential phenomenon in living systems, is handled predominantly by 
enzymes. Most prominent among the metabolic activities are ligation with metal ions, 
neutral molecules, hydrophobic molecules; acting as inter cellular "message" transmitters, 
etc. Invariably, catabolic activities of errzymes, which are mandatory for the control of 
excess production of cellular matter, is characterized by the "cleavage" of proteins at the 
peptide bonds. This phenomenon is called "peptidolysis" or "amidolysis"; and the 
enzymes that function by cleaving other proteins at the amide bonds are called 
"Peptidases" or "Proteases". Proteins are cleaved for both the removal of unwanted 
proteins and the release of required functional proteins from their precursor poly proteins. 

Proteases 

DNA encodes all the information for the functioning of the cell and hence the living 
system, in its nucleotide sequence, in the form of "triplet codes". These codes are 
translated into the essential proteins, with the help of RNA. These proteins thus 
synthesized from the "DNA factory", usually comprise of many number of proteins, each 
responsible for different activity, that mn serially from one to the other. These proteins, 
called "Poly Proteins" are further "cleaved" by proteases to release the smaller functional 
proteins. An excellent cost effective methodology adopted by the highly evolved nature, 
considering that the "Translation" process is highly energy consuming. Proteases in-tum 
are regulated by enzymes called protease-inhibitors, that act in order to arrest any 
malfunctioning of the proteases. 

Peptidases act by catalytic hydrolysis of specific peptide bonds with a molecule of water, 
the process being catalyzed by certain amino acid residues, suitably positioned at the 
active-site of the enzyme. Depending upon the domain of catalytic action on the 
substrate, proteases are classified into exo- and endo-peptidases. Exo-peptidases act on 
chain ends and endo-peptidases act on internal amide bonds of the peptide substrate. 
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Similariv dependiJ^tHe ™ino add that caalyses pepddolysis a. the 

Similarly, p g ^ ^io«ified into four classes, namely Aspartyl 

enzyme active site, proteases are named and classtfied mto tour 
proteases. Cysteine Proteases. Serine proteases and the MetaUo proteases. 



Figure-6 


The bond that is cleaved in the substrate by the enzyme is termed as the "scissile" bond. 
Nomenclature* of enzyme-substrate binding and the process of peptidolysis is as follows. 
The amino acid residues towards the N-terminal of the substrate, from the scissile bond 
are designated as Pi, P2, P3, etc., and those towards the C-terminal are designated as PI', 


P2', P3', etc. The corresponding enzyme binding sites are named as Si, S2, S3, etc. and Si , 
S2', S3', etc. respectively. Pn & Pn' residues of the substrate bind to the enzyme binding 

sites Sn & Sn', respectively. 


Virus 

Genetic material for every living organism is stored in the DNA. For the generation of 
proteins from DNA, there is a double translation mechanism that takes place. First, the 
DNA is translated into the RNAs, and then to the stmctural proteins. However, most viri 
store their genetic information in the RNA. Hence, viri are tougher opponents for target. 
Once a host is struck, it is easier for the virus to mutate the host DNA and produce the 
viral proteins encoded by the viral RNA. Viral RNA also encode for the proteins required 
for their reproduction. The high adaptability of virus makes it a challenging organism to 
fight against. 
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Human Immunodeficiency Viral Protease 


In the ever growing "struggle for existence" among different species, the apparently 
"recent struggle" seems to be between the arguably most intelligent species, the 
"homosapiens" and the seemingly equally intelligent viri, the Human Immunodeficiency 
Virus (HTV). Acquired Immunodeficiency Syndrome (AIDS) is a dangerous, 
degenerative, disease caused by HIV. The rapid spread of the acquired immunodeficiency 
syndrome (AIDS) epidemic which causes degenerative traumatic death to its patients has 
simulated discovery for therapeutic agents to arrest the reproduction and growth of the 
causative agent, the human immunodeficiency virus (HIV).® Many novel strategies have 
been tried to combat this growing health threat of global proportions. One such strategy is 
the inhibition of the viral-encoded protease required for processing of the viral gag and 
gag-pol poly-proteins.'° 

HIV codes for an asparitic protease, known to be essential for retroviral maturation and 
replication. Kramer et al. suggested that inhibition of this protease, called the HIV- 
Protease (HTV-PR) would represent an appropriate strategy for interfering with HIV-1 
replication in 1986." In 1988 it was observed that deletion mutagenesis of the IHV PR 
gene resulted in the production of non-infectious, immature viral particles. This 
experiment demonstrated that HIV PR performs an essential function in the life cycle of 
HIV and thus makes itself an important target for the design of specific antiviral agents 
for AIDS." 


The HTV PR is understood to be an essential factor for processing of the viral gag and 
gag-ppl poly proteins into enzymes and stractural proteins necessary for the formation of 



A view of the Ca backbone tracing of the HIV Protease dimer, in an orientation emphasizing the 
interactions in the dimer interface (reproduced from Wlodawer A et al Science 1989, 245, 616) 


Figure-7 
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Introduction to Peptides and Proteases 
Part A Section I 

Pepstatin, a proven inhibitor of aspartyl proteases like renin showed inhibition of HIV- 

PR. This and partial sequence homology led to the discovery that fflV-PR is an aspartyl 

protease.*'^ It is classified as a member of the aspartyl protease family on the basis of its 

active site sequence similarity and structural anology to other well characterized, 

monomer enzymes renin, pepsin and rhizo-pepsin, enethiapsin and penicillopepsin. It is 

predominantly composed of p-strands. In its active form it functions as a homo-dimer, 

with a C2 axis of symmetry in it. Its active site is formed at the interface of the dimer and 

contains two aspartyl residues, one contributed by each sub-unit. 



Enzyme reaction mechanism of HTV PR at the Phe-Pro Scissile amide bond i 

Figure -8 

HIV-PR*^ shows high specificity for file selective cleavage of the tyrosine / phenyl 
alanine - proline amide bond in the matrix capsid domain of the gag-pol poly-protein, a 
specificity not exhibited by other mammalian cellular proteases which are known to 
efficiently hydrolyze peptide bonds involving the proline nitrogen. It is this specificity 
that makes HTV-PR an attractive target for inhibition. 

HIV-PR Inhibitors 


Potent inhibitors of these enzymes can be readily accessed by the incorporation of an 
isostere that mimics the geometry of the tetrahedral intermediate in place of the scissile 
bond of the peptide substrate.^’’^^ Much of the work on the design of inhibitors of the 
HIV-PR has been guided by the crystallographic structure determination of selected 
inhibitors bound to the enz3me. Generally, these inhibitors are peptide analogues 
(peptidomimics) designed to mimic a high-energy intermediate (the isosteres) involved 
during peptidolysis. 
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Figure-9 

Various non-hydrolysable moieties, including the aminoacid statine, secondary amines, 
hydroxyethylene, hydroxyethylamine, ethylene glycol, hydroxymethylcarbonyl, epoxide, 
trans double bond and ketones (Figure-9) have been incorporated in these peptides to 
replace the scissile peptide bond.'® 



General acid-general base catalysed mechanism of 
peptidolysis by HIV PR 

Figure-10 

HIV-PR undergoes considerable conformational changes upon complexation with 
inhibitors, particularly in the two "flaps" (flexible P-hairpin structures) which move by as 
much as 7 A to tightly embrace the ligands. The catalytic mechanism of aspartyl 
proteases are consistent with a general acid-general base catalyzed mechanism of the two 
aspartyl residues, with a central water molecule bound between the carboxyl groups of 
these two residues as the nucleophile (Figure- 10).'® 
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With a wealth of structural infomation availabi;7HIV-PR has become the most attractive 
target for computer-aided drug desipt strategies'”” aud this effort has produced a variety 
of potent inhibitors.'"-” Saquinavir (Roche), Rotinavir (Abbot) and Indinavir (Merk) 
have recently been approved by the FDA and are being used in AIDS therapy in 

- • 1 *1 ‘X 


aiinn with rftverse 



Structures of some of the approved, potent HTV PR inhibitors 


Figure-11 

However, the ability of the virus to rapidly generate resistant mutants'^®’^® suggests that 
there is an ongoing need for new structurally diverse HIV-PR inhibitors with superior 
potency, pharmacokinetics and efficacy. 

Structural mimicry of the native peptide bond Phe/Try- Pro, the bond that is specifically 

cleaved by the HIV PR, has been aimed to subsequently provide functional mimicry, in 

binding of the inhibitor to die HIV-PR active site, reversibly or irreversibly. The 

strategies that exist and are being developed for designing HIV PR inhibitors, invariably 
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take a leaf or two from the vast studies done for a similar purpose with other aspartyl 
proteases like the human renin. The utilization of dipeptide isosteres as transition-state 
mimics in the design of renin inhibitors has been a subject of much interest.'*^ A review of 
few of the most potent transition state and structural isosteres that have been used in the 
design of various potent HIV PR inhibitors follows. 

Hydroxyethylene isosteres 

The hydroxyethylene dipepitde isostere (HDI) transition - state mimetics have been 
found^° to be potent and selective inhibitors of aspartyl proteases such as renin.^' A 
feature common to many potential anti-hypertensive agents is the incorporation of 
hydroxyethylene isostere as a replacement for the scissile Leu-Val peptide bond of 
angiotensinogen, the substrate that is cleaved by renin.^^'^’ The hydroxyethylene isostere 
1 and its precursor, amino lactone 2 have been designed and synthesized as potent 
inhibitors of human renin.^®'^^ 



Leu-Val amide bond Hydroxyethylene isostere of Leu-Val amide 

Figure-12 



Hydroxy ethylene Dipeptide isostere inhibitors of HIV PR 
Figure-13 

HDIs bearing the cyclic phenlyglycine surrogate (-)-Cw-(lS,lR)-l-amino-indan-2-ol 
have been demonstrated^’ to be potent and selective inhibitors of HIV- 1 Protease.^^ Askin 
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et al reported^ a highly diasteroselective synthetic route for the synthesis of inhibitors 
containing 7 through the alkylation of chiral a-amino epoxides with chiral amino 
alcohols (Figure-13). 

Although analogues of peptide substrates in which the scissile dipeptide is replaced with 
mimetics of the proteolysis transition-state (isosteres) are effective inhibitors of purified 
HIV-1 PR, not all of these inhibitors block viral replication in infected T-cell assays, 
suggesting that their antiviral activity depends not only on inhibition of the purified 
enzyme but also on the molecular properties related to their cell permeability and 
stability. 

Vara Prasad et al have described the stereoselective synthesis of HDI of Leu-Pro.®^ 
Similarly, Tyr-Pro HDIs have also been synthesized.^® The 3R-diastereomer 10 proved to 
be more effective inhibitor®^ of the HIV-1 PR than the corresponding 3S-isomer 11. 
Incorporation of the 2S- hydroxy- IR-amino indane as P 2 ligand further enhanced the 
inhibitory potency. Similar profile is observed with the structure-activity relationship for 
Phe-HE-Phe based inhibitors of HIV- 1 Protease.®* 



Tyr-Pro dipeptide analogues 
Figure-14 

Stephen Hanessian and coworkers reported®® an efficient Zinc mediated route for the 
S 3 mthesis of a Phe-Phe hydroxyethylene (HE) isostere utilized for the design of potential 
inhibitors of renin and HIV-PR. The HE isostere containing Phe-Phe dipeptide analogues 

were found to be a good tetrahedral transition state mimics for the inhibition of renin and 
HIVPR.®° 



Phe-Phe Hydroxyethylene isosteres 


Figure-15 


13 



Part A Section I 


Introduction to Peptides and Proteases 


A few of the other known, potent HIV PR inhibitors containing the hydroxyethylene 
isostere at the scissile peptide bond are presented below. 




Structures of potent hydroxyethylene isotf 
containing peptidic inhibitors of HIV PR 

Ki = inhibitory constants against HTVPR 

Figure-16 

Ghosh et al have reported the hexa-hydrofurofiiranyl-oxy (HFO) group as a 
conformationally constrained P2 ligand for HIV PR inhibitors.’® X-ray crystal structures 
of the enzyme bound substrate complexes’* showed that each of the two ether oxygen 
atoms of the furofuran, hydrogen bonds to the NH groups of Asp29 and Asp 30 
respectively, of the viral protease. Following this study, Xiaoqi Chen et al reported the 
study of HFO group as a conformationally constrained P2 ligand for C 2 - symmetry based 
HIV-PR inhibitors containing the Phe-Phe peptidomimic, incorporating the 
hydroxyethylene isostere core, derived from Ritonavir a licensed, highly potent, HIV PR 
inhibitor. A number of compounds showed nM level activity against HIV in MT4 cells 
although showing lower protein binding than ritonavir. 
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I 


Best inhibitory activity against HIV PR found with B 1 

Bl. X = H; Y = OH; R = i-Pr; FF = R; Z = NMe 
Ki(83) = 0.5nM,IQ„=10nM 

Figure-17 

C 2 - Symmetric Hydroxyethylamine isosteres 


HIV-l PR, in its active form exists as a homo-dime with a C2 axis of symmetry. A wide 
variety of peptidomimetic inhibitors have been reported based on HIV-PR substrate 
sequence and three-dimensional structure of the Ca-symmetric, homo-dimeric enzyme 
active-site.’^ Symmetric inhibitors are expected to inhibit HIV-PR with greater specificity 
over their related mammalian aspartic proteases whose substrate binding sites are less 
symmetric. The design of a C2 symmetric inhibitor from the tetrahedral intermediate for 
cleavage of an asymmetric substrate (eg. Phe-Pro), hinges on three factors of operation 
(Figure- 18 ).’^ 

First, a hypothetical axis of rotational symmetry in the substrate, based on the C2 axis of 
the enzyme is chosen; one half of the substrate is arbitrarily deleted. Deletion of P' region 
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is guided by the greater importance of the P region; then a C 2 operation is performed on 
the rest of the substrate to generate a symmetric inhibitor. 



Design of Cj Symmetric HIV PR inhibitors 

Figure-18 


Dale Kempf et al showed that C 2 - symmetric molecules (Compounds 22, 24, 25, 26) are 
selective to HIV-1 PR in comparison to human renin. X-ray crystallographic studies 
have also confirmed that 15 make highly symmetric interactions with HIV-1 PR.’"^ 


OH 

I 


HO 

OH 

/ 


^NH-A 

A-HN^.^^^ 

-^NH-A 



''Ph 





A = Val-Cbz; IQo = 3 nM A = Val-Cbz; (3R, 4R); IQo = 0.22 il 
A = Ile-Cbz; IQo = 3 nM A = Val-Cbz; (3S, 4S); IQo = 0.38 nl 

A = Val-Cbz; (3R, 4S); IQo = 0.22 n 



A-77003 


Homochiral pseudo C 2 -symmetric diamino diols 

Figure-19 

A-77003 (compound 27) has been reported’^ by the same group and found to be a highly 
potent inhibitor of HIV-PR and is already in use in the clinical therapy of AIDS. A-77003 
contains the homochiral pseudo C 2 -symmeric diamino diol isostere 21. 
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A highly potent, perfectly symmetrical phosphinate inhibitor of HIV-PR, SB 204144, an 
analogue of its proven hydroxy counterpart (A70704), was synthesized and has been 
reported to inhibit HIV-1 PR in nanomolar concentration (2.8 nM, pH 6.0). 



Cbz-Val-NH' 'Y' NH-Val-az 
OH 


(A74704) 


1 


Ph ^Ph 

Jf 0 i 

Cbz-Val-NH'^ P^ NH-Val-Cbz 

OH 2 
(SB204144) 


HIV PR inhibitor 1 and it's equipotent Phosphinate analogue 2 


Figure-20 

The stereocontrolled synthesis of dibenzyldiamino alcohol 3 and dibenzyldiamino diols 
4, 5, 6, core units of symmetry-based inhibitors has been reported’® from phenylalanine. 



Dibenzyldiamino alcohol 



Figure-21 

Napthalene Sulphonic acid derivatives 


Napthalene sulphonic acid derivatives of C 2 symmetric inhibitors have been reported” ’^ 
to be potent HIV-l PR inhibitors. 



SO 3 H 
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Several naphthalene-sulphonic acid analogues were synthesized using single-step 
reaction schemes from inexpensive, commercially available starting materials. 

Contrary to thus far observed results, the most promising results were obtained from non- 
symmetric naphthalene-sulphonicacid derivatives as exemplified by the analogues 32-34 
(Figure-22, 23). The analogues 33 &34 bearing a cholesteryl and a palmitoyl moiety 
respectively were equi- and most potent in protease inhibition assay among a library of 
such molecules. 



Structure of naphthalenesulphonic acids with Lipophilic side chains 

Figure-23 


The structures of a few other potent structure based Ca symmetric inhibitors of HIV PR 
are presented below. 



Ki=120nM Ref-10 

Structure of some potent Q symmetric and pseudo 
Cj symmetric peptidic Inhibitors of HIV PR 

Figure-24 

Hydroxyethylamine isosteres 

Hydroxyethylamine isosteres have been extensively utilized in the synthesis of potent and 
selective HIV-PR inhibitors,’°’®°'*^’*’'^° highlighted by the most advanced of them all, 
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saquinavir, which is currently under clinical trial against AIDS. There has been 
rapid progress in the development of highly optimized Pn and Pn ligands for 
hydroxyethylamine (HEA) based on HIV-PR inhibitors following the report of 

saquinavir.*’’^^ 



Ro 31-8959 SAQUINAVIR 


Figure-25 

Ghosh and co-workers showed that cyclic sulfone -3 carboxy amides serve as highly 
efficient P2-ligands for Ro 31-8959 (saquinavir) based HIV-1 PR inhibitors. 
Incorporation of 3 S-tetrahydro-2H-thiopyrancarboxamide- 1,1 -dioxide into the 
hydroxyethylamine series resulted in inhibitor 14 with nanomolar inhibitions (ICso = 
9nM). The corresponding 3R epimer 13 showed micromolar inhibitions (IC50 = 2.0pM). 



Cyclic Sulfone-3-carboxamide: Novel P 2 Ligand for Rq 31-8959 

Figure-26 

A number of structural analogues of saquinavir^^ (Ro3 1- 8959) have been designed and 
S 3 mthesized by replacing the Pn Pn' side chains. A few structural analogues of 
saquinavir are presented below. 
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0 

LB-71207 



A few structural analogues of Saquina\ 

Figure-27 

All of these have been reported to have high bio-availability and most of them are 
currently in clinical trials for the treatment of HIV-PR infection. 


a-Ketoamide Isosteres 




Schematic representation of general acid-general base mechanisr 
for a-ketoamide inhibitor interaction with HIV PR aspartate grou 

Figure-28 
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Activated ketones m gene ^^„aypsin and calpain respectively. Ocain an 

serine and cysteine proteases such a - ^ ^OCOWl, 

Rich'“ have shown that ketone moiety o (Figure-28) and the 

— ’tc:“ - — - “ 

presented in figure, supported by X- ^ (WAT-301) of the 

case of majority of other inhibitor ^,^een the inhibitor 

and die two flaps of the en^ ^ ^ave been synthesized that showed high 

several novel " and hepta -peptide analogues containing a 

potency against HIV-1 • ,,,a dioxoethylene 


HjN'XD 


A B • R = L-Asp 

ho-'^oh 

(RPI-856) 

Figure-29 

A A ri 4i; have been designed based on the 
Similarly, smaller occurring HIV-1 PR inhibitors. 

"™Vb, C . O and tiiey showed hi^ inhibitory activity, comparable to 

.n., of RPl -856A. against HIV-1 PR in vitro. 
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Allophenylnorstatine isosteres 

The hydrogen-bond between the aspartyl carboxylic acids at the HIV protease active site 
and the hydroxyl group of the substrate transition state isostere is very important in the 
design of tight-binding inhibitors^*’^’^'^^. Based on the transition-state mimic concept, Kiso 
et designed and synthesized a novel class of substrate- based HIV-PR inhibitors 
containing an unnatural aminoacid, (2S,3S)-3-amino-2-hydorxy-4-phenylbutyric acid - 
allophenylnorstatine (Apns/AHPBA), with a hydroxymethylcarbonyl (HMC) isostere at 
the Phe-Pro scissile site. Lead optimization of substrate based peptides led to the design 
and synthesis of an inhibitor of picomolar potency, KNI-272. 



— s 

I 



CO-NH CO-NH 

5-Isoquinyloxyacetyl Methylthio 

, alanine Allophenyl OC- 

(IQoa) (M«) ^ 

(Thz) i-butylamine 

TrMT_070 


-NH 


Figure-31 

Yuichiro Yabe et al incorporated AHPBA at cleavage site of the substrate and after 
systematic replacement studies of the Pn, Pn' site residues, designed and synthesized 
tripeptides with very high inhibitory potencies against HTV-PR. They report that the 
presence of 3 -cis-chloro-substituted proline acts as a good PT replacement and shows 
high HIV PR inhibitory activity, with various P3 protecting groups. 


Ki (nM) = 8 
Ki(nM) = 4.7 
Ki (nM) = 4.f 

OMe 

Inhi bitory activity of 4(S)-chloroproline containing 
HIV PR inhibitors modified at P 3 site 

Figure-32 

Recently, from a fluorescence- based high-volume broad screening for HIV PR inhibitory 

activity”® of a set of 5000 dissimilar compounds from Upjohn compound collection 
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warfarin 48 and phenprocoumon 49 (4-hydroxycoumarins) was identified as a potent 
inhibitor of HIV-PR replication and spread."^ 



Lead- optimization led to the design of other potent 4-hydroxycoumarins 50® and 51 " I 



Figure-34 

The high binding interactions of the lactone carbonyl moiety in the coumarin moiety with 
HIV-PR flap isoleucine NHs, suggests that this class of inhibitors represent a useful and 
novel pharmacophore core for further design of HIV-PR inhibitors. 

Lead Optimization 

Lead optimization is the series of systematic experiments through conclusions derived 
from preceding results, conducted to arrive at the “most potent” drug candidates against 
various diseases. 

A historical survey of drug discovery shows that it is possible to improve the 
pharmacological activity of a “lead” compound by systematic modification of its 
chemical structure in conjunction with biological and clinical evaluation. Current 
methods for discovering lead compounds rely both on screening natural and synthetic 
inventories using a receptor-based or cellular-based assay and on the development of 
anti-metabolites based on the knowledge of key interactions.*^^ From experimental 
observation at the atomic level of how inhibitors bind to their macromolecule targets, 
specific interactions that are important in molecular recognition can be inferred. This 
knowledge can be widely applied to the de novo design of novel leads; as well as to the 
improvement of existing leads. Thanks to the pioneering works of several groups’ it 
is now practical to introduce an iterative cycle of design, synthesis, evaluation and 
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crystallographic analysis into the process of discovery and elaboration of lead compounds 
for pharmaceutical study. 

The development of powerful iterative graphic hardware and its associated molecular 
modelling software has provided a smooth link between the structure of the complex and 
the ligand design process.'^' These molecular models are “only” an integral part of any 
effort to develop potent peptide ligands towards their substrates and cannot achieve this 
goal alone. Hence, it is necessary to perform classical stmcture 



Figure-35 

function studies in a systematic way to provide information about the specific aminoacid 
residues and functional groups in a peptide that are important to biological activity. 

Some of the highly systematic approaches that have been followed, include: 

1. Systematic reduction of one aminoacid residue at a time from N and C-termini of the 
interactive substrate sequence, to determine minimum active sequence and the 
biologically active sequence.^^^’^^*^ 

2. Systematic replacement of peptide bonds with “amide bond replacements" 
(peptidomimetics-the isosteres). 

3. Systematic replacement / manipulation of the aminoacid residues to derive an insight 
into the difference in the resulting secondary structures (p-strand, a-helix, etc.) and its 
effect on the stability of the enzyme bound inhibitor complex. 

4. Systematic replacement of the side chain moieties with different electronic properties. 

5. Systematic cyclization of acyclic peptides and study of the effect of size of the cycle 
and the side chain moieties. 

Presented below are the illustrative case-studies of a couple of such lead-optimized drug 


candidates as HIV-1 protease inhibitors. 
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Case study I 


Development of kynostatm-KNl-272 

Yoshiaki Kiso et al in 1991^^^ reported the design and synthesis of a novel class of 
substrate-based HIV-PR inhibitors containing an unnatural aminoacid, (2S,3S)-3-amino- 

"imSer-Gln-Asn-Tyr * Pro-IIe-VaI»»in pl7/p24 region 
"iiiiSer-Phe-Asn-Phe * Pro>Gln-IIe"in TF/PR region 


( H— Ser-Phe-Asn-Phe * Pro-lie- Val-NH2 ) 




Design of Selective and Potent HIV-PR Inhibitors 

Figure-36 
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2-hydroxy-4-phenyl butyric acid (AHPBA) named allophenyl norstatine (Apns) with a 
hydroxymethyl carbonyl (HMC) isostere, based on the transition-state mimic 

127,128,129 

concept. 

Since HIV-PR is unique in cleaving the peptide bond of Phe/Tyr - Pro, unlike other 
mammalian endopeptidases, the first consideration was to mimic the Phe-Pro scissile site. 
Hence, the proposed peptidomimic (AHPBA/ Apns) was incorporated as a transition state 
mimic at the PI site in a heptapeptide Ser-Phe-Asn-Phe-Pro-lle-Val-NH 2 , similar to the 
TF/PR (please refer to the mnemonic aids in the first page) sequence , at the Phe-Pro 
scissile site. In a study of varying stereochemistry at hydroxymethylene group of the 
HMC isostere as part of the peptide, it was found that the (2S) (syn) Hydroxymethylene 
Substituent (HMS) containing inhibitor was more active against HIV PR rather than the 
(2R) HMS containing isostere, which is found to be active against renin, another known 
aspartyl protease. Optimization of the chain length led to reduction in size of the 
heptapeptide to a tripeptide Z-Asn-Apns-Pro-NH-t-Bu (KNI-102). The tripeptide was 
synthesized and found to be more potent. Here too, the syn configuration of the hydroxyl 
group was preferred. This preference for the syn hydroxyl group is exceptional among 
various HMC-Phe, HE-Pro and HMC-Pro isostere containing inhibitors of aspartic 
proteases such as HIV-PR, renin and pepsin, which implies the uniqueness of the HMC- 
Pro structure. The stereochemical preferences of the a-hydroxy groups for different 
isosteres for better binding with HIV PR and Renin are shown in Table- 1. 



Preferred geometry of hydroxyl group 

Inhibitor type 

Renin 

HIV PR 

Symmetric Type 



HMC-Phe 

Anti 

Anti 

HMC-Pro 

Anti 

Syn 

Hydroxy ethyl (HE) 

(A 24 , 11, 12) HE-Pro 

— 

Anti 


Table-1 

This discrepancy between the HMC-Pro inhibitors and the hydroxyethyl-Pro inhibitors 
seem to be due to the conformational difference between the constrained Pi-Pf peptide 
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bond of HMC isosteres in contrast to the relatively flexible methyleneamine bond of the 
HE isostere. 


0 



HMC and HE Isostere 


Figure-37 

Thus, the critical syn hydroxyl group interacted with the aspartic acid carboxyl groups of 
HIV-PR active site as a transition-state mimic.'^^ Lead optimisation of the tripeptide 
KNl-102 led to the replacement of the pyrrolidine of Pi’ site with thiazoline or dimethyl 
thiazoline, resulting in higher potency (KNl-174; Ki = 6.8 pM). From NMR, X-ray and 
molecular-modelling studies it was concluded that the bioactive conformation of 
proline in KNl compounds was trans and hence this constrained conformation might be 
responsible for the high activities. 

Considering the subtle balance in lipophilicity and molecular size, the 5- 
isoquinolinoloxyacetyl (IQoa) moiety was incorporated at the P3 position along with the 
preferred side chain. Thus resulted the superactive HIV-PR inhibitors, kynostatin (KNI- 
227; Ki = 2.3pM) and Kynostatin (KNl-272; Ki = 5.5 (Figure-36). 


Case Study-II 

Rational Design of Peptide Based HIV-Protease Inhibitor 

Noel A.Roberts et al, in 1990 reported^^^ their rational design of a transition-state 
mimetic peptide-based inhibitor of HIV PR that was seen to have nanomolar inhibitory 
potencies. Among various transition-state mimetics viz a viz hydroxyethylene isosteres; 
phosphinic acid; reduced amide; statine types and hydroxyethylamine mimetics; the 
hydroxyethylamine isostere was chosen since it most readily accommodated the Phe-Pro 
and Tyr-Pro dipeptides, characteristic of substrates that are cleaved by retroviral protease 
HIV-PR, in it. 

Enzyme binding analysis of compounds based on the pol fragment Leul65-Ilel69 
containing the transition state moiety (HEA)-Phe and (CH(OH)CH2N)-Pro in place of the 
Phe-Pro scissile bond, indicated that for binding, the stereochemistry best suited at the 
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hydroxyl-carbon of HEA was R and the compound 2 had the minimum & optimum size 
required for potent inhibition. 


S.No 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 


Stereo- 
chemistry 
at -CHOH 


Inhibitor structure IC50 (nM) 


R Z.Phe(p[CH(OH)CH 2 N]Pro.OtBu 6500 

R Z.Asn.Phe(p[CH(OH)CH 2 N]Pro.OtBu 140 

R Z.Leu.Asn.Phe(p[CH(OH)CH 2 N]Pro.OtBu 600 
R Z.Asn.Phe(p[CH(OH)CH 2 N]Pro.NHtBu 210 

R QC.Asn.Phe(p[CH(OH)CH 2 N]Pro.NHtBu 23 

R Z.Asn.Phe(p[CH(OH)CH 2 N]PIC.NHtBu 18 

R Z.CNA.Phe(p[CH(OH)CH 2 N]PIC.NHtBu 23 

R QC.Asn.Phe 9 [CH(OH)CH 2 N]PIC.NHtBu 2 

S QC.Asn.Phe(p[CH(OH)CH 2 N]PIC.NHtBu 470 

R QC.SMC.Phe(p[CH(OH)CH 2 N]PIC.NHtBu 12 

R QC.Asn.Phe(p[CH(OH)CH 2 N]DIQ.NHtBu <0.4 


Z = ben:^lo)ycarbonyl; Phe(p[CH(OH)CH 2 N]Pro indicates the replacement of the iriide 
group (CON<) in the Phe-Pro peptide bond by the hydrojyethylamme (HEA) moiety; QC 
= quinoline-2-caibonyl; PIC=piperidine-(2S)-caibonyl; CN = P-cyanoalanyl; SMC= S- 
methyl cysteinyl; DIQ = (4aS,8aS)-decahydro-3(S)-isoquinolinecaibonyl. 

Table-2 

The further structural requirements of 2 for optimal binding to HIV-1 PR was done by 
synthesizing more than 100 compounds in which the steric and electronic properties of 
each side chain and terminal substituent were individually modified. High potency of 5 & 
8 indicated the presence of large P3 hydrophobic pocket. Asparginyl group best suited the 
P 2 site. Similarly benzyl group best suited the Pi site. However, varying the pyrrolidine 
ring with piperidine-2-(s)carbonyl (6) and (S,S,S)-decahydroisoquinoline-3-carbonyl (11) 
and incorporating combinations of preferred side chains into individual molecules 
resulted in the generation of several very potent inhibitors of HW-l protease and 
ultimately to Saquinavir ( 11 ), one of the most potent of inhibitors known today and 
already in its clinical trial against AIDS in HIV infected patients. 

Need for Large Number of Small Molecular Libraries 

Enzymes are the prime factors of biological activity in physiological systems. They 
function by interacting with intra / extra cellular molecules (ions, oligopeptides, etc.), 
thereby undergoing certain secondary structural changes, resulting in biological 
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processes. To understand and "manipulate" such processes, manipulation of the 
substrates, by synthesizing iso-structural molecules that interact with the active site of the 
enzyme is essential. In most biological processes, these substrates are macromolecules. 
Hence these manipulations require very efficient and fast methodologies, for the 
synthesis of even a small number of molecules each, incorporating one of these 
manipulations. Thankfully, it is by now understood that it is only at veiy selected sites 
called the “active-site”, of the enzyme that these biological processes get triggered. 
Similar is the case with the substrate, again thanks to the specificity shown in the 
interaction with their substrates by enzymes. This has eased the manipulation routine by 
cutting down the length of substrate-mimicing inhibitor macromolecules to that part of 
the substrate that "meaningfully interacts" with the enzyme. It is also easier to 
systematically introduce greater steric, hydrophobic / hydrophilic, electronic and other 
functional diversities in small molecules. The ease of their synthesis is an immediate 
corollary. 

The most common and effective manipulation technique in the case of inhibiting 
peptidases is the incorporation of an isostere that mimics the geometry of the (peptide 
hydrolysis) tetrahedral intermediate in place of the scissile bond of the peptide 
substrate. There are various techniques to address the need for manipulations, for each 
kind of enzyme-substrate interactions. However, unfortunately these molecules are not all 
bioactive and fail as dmg candidates due to poor oral availability, short circulating half - 
lives and metabolic instability. The reasons for this vary, in terms of large size of the 
molecules, their peptidic nature and imbalance from the optimal hydrophobicity / 
hydrophilicity of the molecules which has a direct effect on its transport to the target site. 
In order to generate therapeutically useful leads, the compounds must have both high 
affinity and favourable pharmacokinetic properties. The combination of these two 
requirements renders an a priori design of lead structure based on the peptide substrate 
very challenging. Therefore, the identification of potent and bioavailable leads has 
required the time consuming synthesis and evaluation of a large number of different non- 
peptidic compounds (non-peptidic for better metabolic stability). The availability of 
efficient and rapid techniques for mass screening such molecules also demand equally 
efficient routes to supply these molecules. 

With the advances in computer-aided molecular design (CAMD) studies, drug chemistry 
has taken a new route towards finding leads for drugs against some existing "known" 
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diseases (e.g. AIDS). However, CAMD relies on and is 'only' complimentary to the X-ray 
structural data that are available for few of the complexes that are formed between the 
target enzyme and the substrate. CAMD utilizes the data of thousands of molecules to 
identify hypothetical drug candidates. Two such examples for the development of potent 
inhibitors through CAMD are the design of cyclic ureas'^^ and warfarin^’^'^’^^^ as leads 
against HIV PR. 

These factors have thus demanded, in recent time efficient routes to the synthesis of small 
molecules in large numbers. 

Meeting Demands with the Required Supplies 

Solid -phase peptide synthesis, introduced by Merrifield''^^ has led to the rapid synthesis 
of diverse oligopeptides. Ease in isolation and “greenness” of the reaction conditions in 
solid phase syntheses are obviously seen to be positive factors for the synthesis of large 
number of molecules. However, this essentially needs reactions that can build the 
required small molecules in single or very few steps / transformations. The strength in 
polymer supported substrate / reagent synthesis would be re-doubled by methodologies 
that can combine in one-pot, three or more individual components to arrive at one 
molecule containing all these individual components, covalently boimd together. This 
also results in "diversity" in the synthesized small molecules, a golden-requirement for 
optimization of lead molecules to be used as therapeutically useful drug candidates. Such 
a methodology by which three or more individual components covalently combine 
together in one pot to give new molecules containing all the individual components is 
called the “Multi Component Coupling” Procedure (MCC). 

MCC procedures have assumed greater significance, in the realm of developing 
"Combinatorial synthesis" to greater advantages e.g. for dmg synthesis and screening. 
Combinatorial synthesis although it comprises of such diverse techniques today, that 
nearly every group involved in it has its own interpretation or variation of the 
technique, is defined as the methodology of molecular tailoring through which a 
large number of stracturally diverse molecules may be synthesized in a time and resource 
effective manner. In the context of the discussions in the following studies it is worthy to 
realize the importance of lead-optimization during drug synthesis and hence the need for 
efficient MCC procedures. Thus, a methodology like MCC is just “what the doctor 
ordered for", for the rapid synthesis of numerous small molecules with a possibility of 
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diversity at the Pn. M sites. A number of such coupling procedures are known to date. A 
few of them are listed below. 


Bucherer Bergs Reaction for synthesis of Hydantoins 

H 


R 


N. 


R. .R' (NH4)2C03 

Y + KCN ^ ► 

0 


R' 



:0 


r‘ 

■NH 

0^ Hydantoin 


Gattermann-Skita Reaction for the synthesis of Pyridines 

RO,C. 


0 Na^ 


0 Cl 


a 


SkaQ 


RO,C' 'CDjR ^ COzR'^ROzC 


HO N 


.CO,R 


'OH 


Chichibabin Pyridine synthesis 

Rv 

R^^^CHO CHO.^^R ^ 

+ 

R'^’^^CHO NH 3 N' 




Guareschi-Thorpe Condensation to Pyridines 


0 O 



OR" + R'OjC + NH 3 


■N 


R 



HO N 


CN 

OH 


Herz Reaction for the Synthesis of Thiazothiazonium halid 
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Mannich Reaction for the synthesis of p-amino carbonyl compo 


0 

(CH 3 ) 2 NH + HCHO +^JL^ ► 



Robinson-Schopf Reaction for the synthesis of Tropinones N 


O 


OHC. 


■CHO + H 2 N — + Et02C 



COzEt 



Passerini Reaction for the synthesis of 2-acyloxy amides 

0 


R— N= 
Isonitrile 



+ R"'C02H 


O 



R'" 


Patrenko-Kritschenko Piperidone Synthesis O 


O 2 C6H5CHO 

ROzC^ ^ /CO2R + 


RO 2 C. 



CO 2 R 



R'NH2 


RsCr N 

R 



COzEt 


O 



Hantsch Pyrrole Synthesis 

"“I I 


a + 



COzEt 


Strecker-Aminoacid Synthesis 
RCHO + HCN + NH 3 


R^^COzH 

NH 2 
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Prins Reaction for the synthesis of/neta-dioxane! 


HCHO + 




r3 


RICO2H+R2NH2 + 


Y 

0 


Ugi Reaction 
r4 


r5NC 



Pauson-Khand Reaction 0 

r3 

r1 = — r2 + CO + 

Figure-38 

Polymer Supported Catalysts 

While solid-phase peptide synthesis introduced by Merrifield has in part successfully 

dealt with the problem of the need for synthetic methodologies to prepare large number 
of molecules in a time efficient manner, it falls short in its disability to synthesize gram 
or even mil ligram quantities of these molecules. It also requires that the starting material 
be initially suitably functionalised. Nevertheless, it has provided a good lead. Instead of 
supporting the substrate, it would be more economical and suits our requirements to 
support the reagents on the polymer bed. 

Thus, the range and scale of such reactions would then be as many as the number of 
reagents that can be suitably tailored on polymers. This concept is even more attractive if 
the supported reagent acts catalytically. Transition metals are known to catalyze a 
dictionary of reactions. However, most of them are cumbersome to separate from the 
synthetic mixture. Immobilisation of such metal catalysts on polymeric supports, leading 
to heterogeneous catalysis would thus avoid its contamination of the synthesized 
products. Unlike homogeneous catalysts, these polymer supported heterogeneous 
catalysts are recyclable and active after one use and hence economical and 
environmentally friendly - a feature that has been appreciated by environmental chemists. 



33 



Part A Section I 


Introduction to Peptides and Proteases 


Many transformations have been reported using this technique of metal catalyst 
immobilization. 

Polymer supported metal catalyzed transformations can surpass the traditional isolation 
techniques of solvent extraction and column chromatography in a variety of 
transformations by virtue of their heterogeneous catal 3 dic nature. Thus, polymer 
supported metal catalysts have opened up a novel field for the synthesis of a plethora of 
functionally diverse molecules in an efficient, cost and time effective manner. 

By the turn of a couple of years, polymer supported catalyst and substrates might as well 
displace the need for time consuming isolation techniques and pave avenues for greater 
and more efficient methodologies for organic synthesis. With a number of methodologies 
already available at our disposal for literally every kind of transformation, such polymer 
supported techniques would assist in suitably engineering reaction conditions, for the 
synthesis of desired compounds. As Prof Barton said, "Hundred years of Synthetic 
Organic Chemistry has taught us as to How to make. The question now is what to make". 
The ease in synthesis of active polyaniline and polytoluidine and their impregnation 
with metal catalysts attracted our early attention. It has been reported from our group that 
Cobalt complexes efficiently catalyse the epoxidation of electron deficient a,p- 
imsaturated esters and styryl systems. 

Polyaniline supported Cobalt catalysts are synthesised by mixing equal amounts (by 
weight) of polyeucoemeraldine base and the cobalt catalyst (cobalt (II) salen and cobalt 
(II) acetate in the present study) in a 1 : 1 mixture of acetic acid and acetonitrile at ambient 
temperature for 36h. Filtering, washing with acetonitrile and drying yield the polymer 
supported cobalt catalyst. The structure of polyaniline supported cobalt salen has been 
proposed by us as follows; 

N N=<^^^>=N N — N== 
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a-Hydroxymethylenecarbonyl and a-Keto Amide Isosteres 

The transition state mimetic isosteres, especially a-keto and hydroxymethyl carbonyl, 
have been successfully incorporated as part of small peptides at the scissile bond sites of 
enzyme bound substrates to arrive at highly potent inhibitors of HIV PR. In oui effort to 
design and synthesize small molecule peptidomimetics, through a cost effective 
methodology as leads against HIV PR, our focus was fixed on the Phe-Pro scissile 
peptide bond, uniquely cleaved by the HIV PR. 

Inspired by the high potencies of molecules containing the ot-keto amide at the scissile 
site reported by many groups,^^’^^^we chose the cc-keto amide moiety as the isosteie. This 
is the most advantageous isostere, owing to the ease of its synthesis due to lack of 
stereochemical requirements. It is known that the ot-keto group binds to the two aspartyl 
moieties Asp 25 and Aspias of the HIV PR non-covalently and thus mimics the transition 
state of the substrate bound HIV PR complex. 



Comparison of a-Keto Amide Core Stmcture with Other Isosteric Structures 


Figure-1 

Need for Complimentary Groups Away From Scissile Site 

However, Chi-Huey Wong had proposed that the presence of new complimentary groups 
"away from" the scissile site would increase the binding ability of such ligands'^ (Figure- 
2). Fairlie et al noted that^^® greater binding of their cyclic inhibitors was seen by creating 
the cycle one atom removed from the hydroxyethylamine nitrogen, rather than 
incorporating the nitrogen in the cycle (Figure-3). This rendered the nitrogen sterically 
unencumbered leading to better interaction with Asp 25 residues of the HIV PR. Another 
advantage in introducing the binding element such as the a-hydroxymethylenecarbonyl, 
one carbon away instead of at the a-carbon is that stereochemical stringency at the carbon 
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bearing the binding element can be reduced, for better binding with the enzyme. The 
advantage of such a simplification can be realized in context of the need for synthesis of 
large number of such molecules; hence, lesser the complexities in required molecules, the 
easier its synthesis. 



Better binding by inhibitors containing complimentar 
groups away from the p and p' regions 

Figure-2 



Creating the cyclic peptide one atom removed from 
the HEA isotere nitrogen, rather than incorporating 
the nitrogen in the cycle, led to better binding 

Figure-3 

This led us to believe that homologation of the carbonyl by one methylene would help to 
bring it closer to the Aspartyl groups hence assisting in greater binding. 



Homologation of the ketone carbonyl in a-ketoamide 
isostere containing peptidomimetics (1) to get to (2) 


Figure-4 

Since aldehydes are highly susceptible to chemical reactions en-route to the target sites, 
ketone was the obvious choice. The simplest of ketones, was chosen. Not many reports 
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have discussed the replacement or modification of the 


Pi-Phe residue. 


Hence it seemed 


fair enough to homologate the benzyl group to phenyl group. 




Schematic representation of proposed general acid-general base 
catalysed mechanism for the binding of p-acetamido ketone, similar 
to a-keto amide isostere with HIV PR aspartate groups 

Figure-5 


Reduction of the homologated carbonyl would lead to the corresponding hydroxy 
compound, whose stereochemical requirements for binding with the Asp of HlV-1 would 
be much less stringent due its location away from the core of the Pi - Pi’ binding site 
(Figure-6), as discussed earlier. 



interactions between the P-hydroxy P-acetamido isosotere and 
active-site aspartates of HIV PR 

Figure-6 

The reduced form, we propose would serve to mimic the hydroxymethyl carbonyl 
isostere (Figure-7). 
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O Ar O 0 Ar O 

OH V ^ V 

a-HMC Isostere and Its Surrogate, The Novel 
3-Hydroxy- 3- Acetamido Carbonyl Isostere 

Figure-7 

In their communications, different groups^’”^’^"*^ have reported the high potency showed 
by certain structure-based inhibitors, namely 4-hydroxy comnarins and 4-hydroxy-2- 
pyranones as non-peptidic inhibitors of HIV PR. Lead optimization of this class of 



Warfarin ' Phenprocoumon 

Figure-8 

protease inhibitors followed ^ the report of warfarin and phenprocoumon (the first of this 
kind of inhibitors). 

Varaprasad et al, later showed that in the less rigid 5-lactone 12, the lactone carbonyl 
strongly bound to the Ileso and Ileiso of the flaps replacing the structural water and the 
hydroxyl group mimicked the hydroxyethyleneisostere moiety (Figure-9), forming H- 
bonds with Asp 25 and Aspias of the HIV Protease (X-ray crystal structure). 



Interatomic distances of compound A binding to HIV PR active-site a 
the proposed binding interactions of the p-acetamido ester analogue 

Figure-9 
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112 

The remarkably striking resemblance of these class of inhibitors to the homologated a- 
ketoamide isosteres led us to reason that since the lactone carbonyls bound better to the 
flap He molecule"^ in the absence of the rigid fused phenyl ring, the entropic gain in the 
molecule in going from the cyclic-p-hydroxy-5-lactone 12, to the acyclic benzyl ester 
derivative 13 might be very little. Moreover, the compound 12 has been reported to show 
only millimolar inhibitory potency against HIV-PR. Hence, the better availability of the 
carbonyl in the acyclic system 13 for probable hydrogen bonding due to its greater degree 
of rotational freedom than its lactone counterpart could be expected to counter the 
entropic gain in 12 by virtue of its cyclic structure and thus lead to better binding of 13 
than 12. Thus, we set out to synthesize the novel class of P-ketoamide isostere containing 
small molecule peptidomimic P-amino acids 6 as probable leads for the inhibition of HIV 
PR. A brief review into the literature on existing methodologies for the synthesis of P- 
amino acids’^^'’^^ revealed that most of the syntheses involve multistep synthetic routes, a 
feature which dampens their applicability in the present context. However, it was 
interesting to observe reports^’*^'^’’ for the synthesis of p-acylamino ketones and esters by 
the condensation of ketones/esters with nitriles in the presence of concentrated sulphuric 
acid (Equations A, B). 




Equation A 


H2SO4 


R"OOHN 

R' 


R 


0 


oa 

Equation £ 


Prompted by i) these reports; ii) earlier observations in our group that aldehydes react 
with acetylchloride in acetonitrile in the presence of catalytic amounts of C0CI2 to afford 
a-acetoxy amides 13a in high yields (Scheme-A); and the fact that metal catalysed 


R 'OAc 

13a 


RCHO + CH3CN C0CI2, AcCl, CH3CN 

ii, OH- 

Scheme-A 

coupling between enolisable ketones and aldehydes are rare in literature for the formation 
of corresponding aldol related p-keto amino derivatives; we had demonstrated that 
cobalt (II) chloride catalyses the coupling between an enolisable ketone or ketoester, an 
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aldehyde and acetonitrile in the presence of acetylchloride to provide a general route to 
the synthesis of P-acetamido carbonyl compounds. 

In order to broaden the synthetic scope of this reaction, we explored the possibility of 
developing this reaction via a combinatorial approach leading to a general synthesis of P- 
amino acid derivatives by applying a polymer supported cobalt catalyzed three 
component coupling protocol. It has been demonstrated by us'^^ that polyaniline 
supported cobalt (II) acetate or cobalt (II) salen functions as an efficient catalyst in 
promoting the epoxidation of alkenes and their subsequent opening by aniline or its 
derivatives. We now demonstrate that polyaniline supported cobalt (II) acetate catalyzes 
the coupling between methyl acetoacetate, an aldehyde and acetonitrile to provide a 
general synthetic route to P-amino acid derivatives (Scheme- 1), hence leading to a library 
of small molecule peptidomimetics as probable, potent inhibitor ligands against HIV-PR 



AcCl N? atn j^ 
AO- Co 




(3 — Co = Polyaniine Supported Cobalt (II) Acetate (7:1) 


Scheme-1 

This transformation however is influenced by the presence of molecular oxygen, which 
causes the formation of a P-unsaturated carbonyl compounds (Knoevenagel product) 
along with the expected P-acetamido carbonyl compoimds. It was observed that alteration 
of the ratio of amides and enones during the reaction could be obtained at ambient 
temperature. However, the time scales of such reactions were observed to be very high 
for the completion of reaction. On the other hand, a moderate to good yield of P- 
acetamido carbonyl compounds were obtained under nitrogen atmosphere which 
suppressed the formation of the a, p-unsaturated carbonyl compoxmds to a large extent as 
only traces of the later were observed in the crude reaction mixture. The most important 
feature of this methodology is the simple isolation procedures that follow the synthesis of 
P-acetamido ketones. Thus, filtration of the catalyst and washing the contents of the 
concentrated reaction mixture with CCU-hexane solvent system yielded the polai 
products (most of them are good solids) in good yields. These reactions have beer 
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performed irr up to 25 miUimolar (mmol) scale and the products were isolated in pure 
form (-95-100%) withont subjecting the reaction mixture to column chromatography. 



Table-1 

The reaction of methyl acetoacetate with benzaldehyde,p< 2 ra-chloro-benzaldehyde, para- 
nitrobenzaldehyde and ort/zo-nitrobenzaldehyde and 3-methylbutanal pioceedtd 
smoothly in the presence of polyaniline supported cobalt (11) acetate to afford the 
corresponding P-acetamido esters in good yields (Table-1) (Note; Yields have been 
reported with respect to the initial amoxmt of ketone/ acetoacetate taken for reaction). In 
the case of ortho-nitrobenzaldehyde, the Knoevenegal product (enone- 14(1*) was formed 
in substantial amounts (20%). Trace amounts (~5%) of the corresponding enone was also 
formed on reaction with /?aru-nitrobenzaldehyde. 


0 



Structure based design of arylamid 
containing non-peptidic inhibitor 

Figure-10 

Henry Skulmick et al had reported^"^^ their observations that the presence of an amide 
linkage (Figure-10) to the aromatic Pf site, could improve the potency of the coumarin 
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based inhibitors. They reported the presence of additional hydrogen bonds in the 
enz 3 mie-bound X-ray crystal structure of 15, which were absent in the parent compounds 
(Warfarin, Phenprocoumon). 

Extending this observation into our polyaniline supported cobalt (II) acetate catalysed 
MCC methodology, we found that ortho-, meta- and ji^ara-hydroxy benzaldehydes in the 
form of salicylaldehyde, vanillin and isovanillin, reacted with methyl acetoacetate in the 
presence of polyaniline supported cobalt (II) acetate to yield the corresponding aryloxy 
acetylated p-acetamido esters, in good yields. (Table-2). Except in the case of 14g, which 
was wrought with the formation of subsequent amounts of the enone (14g*), all other 
reactions proceeded smoothly with no traceable amounts of side products. Attempts to 
modify experimental conditions for the formation of 14g did not suppress the formation 
of the side product. 



Table-2 

C>rr/io-(methylformyl)benzaldehyde reacted with acetoacetate in these conditions to yield 
the corresponding P-acetamido ester in good yields. While in general efforts to replace 
the Pi' aromatic residue with aliphatic side chains was crippled by the non-reactivity of 
aliphatic aldehydes with acetoacetate under similar conditions, 3-methylbutanal gave the 
corresponding acetamido esters in the presence of polyaniline supported cobalt (II) 
acetate (TabIe-2). 

These compounds were obtained as a mixture of syn and anti diastereomers in which the 
anti diastereomer was found to be the major (~>7:1) product, concluded from a 
comparison of the 'H NMR coupling constants of the benzyl methines. 
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under these conditions to afford 
a-substituted ketones also react with aromatic aldehydes under 

. J D V<>tnnes in a diastereoselective manner 

the corresponding more substituted p-acetamido ketones 

(Scheme-2). 


CH3CN 




-Co = Polyaniine Supported Cobalt (EO Acetate 


Scheme-2 

Ethylmethyl ketone reacted with benzaldehyde, ;iara-chlorobenzaldehyde and Vanillin to 
yield the p-ketoamides (16a-c) in moderate to good yield. 




Propiophenone gave good yields of P-acetamide ketones (16e-i) in good yields on 
reaction with benzaldehyde, para-chlorobenzaldehyde, isovanillin, vanillin, and para- 

nitrobenzaldehyde respectively. However, examination of the CCU-hexane wash revealed 
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the formation of the aldol 16f* and acyl vanillin 16h* as minor side products during the 
synthesis 16f and 16h respectively. While methyl levulinate reacted with vanillin to give 
161 as a single product in reasonable yields, the reaction with benzaldehyde yielded a 
mixture of regio isomers 16j and 16k in very moderate yields. Para-chlorobenzaldehyde 
and para-nitrobenzaldehyde did not react under identical conditions with methyl 
levulinate. While diethylketone yielded 16d in encouraging yields on reaction with 
benzaldehyde, it’s CCU-hexane wash showed formation of the enone 16d* in small 
amounts (8%). 

However, reactions with benzaldehyde, para-chlorobenzaldehyde and vanillin with the 
synunetric ketones, diethylketone and cyclohexanone did not yield the corresponding (3- 
ketoamides. While 16m* was formed on reaction of cyclohexanone with benzaldehyde, 
the reaction mixtures of other reactions revealed the recovery of unreacted starting 
material, upon water and base wash. 

Aliphatic aldehydes, in general seem to be less suited for the reactions for the formation 
of the corresponding P-ketoamides as exemplified by the non-reactivity of 2- 
methylpropanol, n-butanal, crotonaldehyde and cinnamaldehyde with the above 
mentioned enolisable ketones. 

Among aromatic aldehydes, para-methoxy benzaldehyde was the odd-man-out in being 
adamant to undergo reactions with the ketones, unlike its other counterparts (we have not 
made attempts to rationalize this observation). 
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How.e. . sene.., oooHo. .e 

requirements for good reactions by PASCO 

ketoamides from reactive ketones. a^tereomers were formed as 

As in the case with acetoaceta e m chromatography, along with minor 

the major products, which were 

amounts (- 10-15%) of*' 

16 h have been presented in the aimexure for exemplification. 

Experimental Conditions 

jv anH (Tpneral procedure for the synthesis of p- 
The optimum reaction conditions g • t i 

me opniiiu pynerimental section. In general, 

acaetamidoketones, have been presented m the expenmentai 

acaetamia ^,,nViPre throughout the reaction was an essential 

maintenance of strict nitrogenous atmosphere thr g a u , 

factor to suppress the formation of side products. It is best to cool ^ as ^o 

room temperature before checking for progress of reaction on TLC, to avoi or j i n 
aide products. TLCs can be conveniently visuafed in the t chambers. Additi n of 
greater amounts of acetylchloride (than mentioned) did not increase the yield of products, 

unless mentioned otherwise. 

Comparison of Diastereoselectivity in Polyanilin^Supported 
Cobalt (II) Acetate and Cobalt (II) Chloride Catalysed 
Synthesis of p-Acetamido Carbonyl Compounds 


Syn : Ant^ 


P-Acetamido ketone 


Q- Co catalysed CoCl^ atalysed 

reaction reaction 


AcO 


MeO 



7.5 : 1 


3 : 1 



> 10 ; 1 


3 ; 1 


7.5 : 1 


3 ; 1 


aRatio obtained from HPLC (Aimexure) of the cmde mixture 
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Polyaniline supported Cobalt (II) Acetate and Cobalt (II) Chloride 
Catalysed Synthesis of P-Amino Acid Derivaties: A comparitive Study 


P-Amino acid derivative 

Meld (% ) obtained from 

Q— Co catalyseda,b CoC^ catalys edc,d 
reaction reaction 

M.P.e 


62 

48 

129-31 OC 

AcHN 0 

a. 

C02Me 

68 

41 

130-32 OC 

AcHN 0 

N02^ 

C02Me 

53 

31 

149-51 OC 

AcHN 0 

56 

41 

145-46 OC 

MeOaC AcHN 0 

58 

41 

.f 

AcO AcHN 0 

AcO. 

CX32Me 

^ 51 

43 

173-75 OC 

MeO 

AcHN 0 

CX)2Me 

yVy 

AcHN 0 

55 

52 

.f 


a-Yield of the product purified by CCU-hexane wash; tiJrans diastereomer was obtained as the 
predominant product (cis-trans = 1:>'7); ^Yield of the product obtained by aqueous workup and 
column chromatography; ^The product is obtained as a 3:1 mixture of diastereomer; eMelting 
point of the trans diastereomer; ^This compound was obtained as a gum. 

(3 — Co = polyaniline-supported cobalt (II) acetate 

However, addition of excess of acetylchloride could lead to poorer yield of the required 
product. Refluxing the reaction contents for more than the mentioned times did not 
increase or decrease the yield of required products. Addition of stoichiometric amounts of 
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Jdehydes was optimum for reaction. In the PASCOA catalyzed reactions between 
ketones and aldehydes, addition of flresh catalyst was not necessary dunng the reaction. 
For the cobalt (II) chloride catalyzed reactions, better yields were realized on addition of 
the catalyst in two lots, one in the beginning and the other after -8h of the reaction. In the 
case of hydroxyaldehydes, performing the reaction in slight excess (5 mL/mmol of 
ketone) of acetonitrile resulted iu better yields of required products. Similarly, five 
equivalents of acetylchlotide was required for the reactions involving hydroxyaldehydes. 
Better isolations were observed by rapid washing under suction through a G-3/G-4 
sintered funnel rather on filter paper. As one repeats the wash (see experimental 
procedure for details) with CCU-hexane, reduction in the amount of CCU taken and the 
use of warm or hot hexane resulted in better isolations. 


Novel Surrogates for the HMC Isostere 


The anti p-ketoamides thus synthesised, underwent stereoselective reduction to the 
corresponding a-hydroxyethyl p-amino acids, the p-arylhomoisothreonine derivatives, 
smoothly. As discussed earlier, we propose these p-arylhomoisothreonine derivatives to 
be novel surrogates for the highly potent hydroxymethylcarbonyl (HMC) containing 
dipeptide isosteres, containing the hydroxyethylene moiety "away" from the core 
structure. 


0 NHAc 

NaBH 4 , MeOjH 

i 1 \ IJ NH4CI 

R (80-90%) 

R = COjMe, Me, CH2C02Me 
Scheme-3 

Thus sodium borohydride reduction of the P-acetamido ketones (14a-c,h,i,16a,j) in 
methanol afforded the corresponding P-arylhomoisothreonine derivatives (18a-g) mainly 
as l,3-5yn-diastereomers along with minor amounts (~10%) of the corresponding 1,3- 
a/jti-diastereomers, in all the cases (Scheme-3). Reduction of 16j yielded the cyclic 
lactone 18g as the major product, along with minor side products in insignificant 
amounts. 
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Table-4 

This diastereoselectivity may be arising due to the chelated cyclic six-membei 
intermediate, which would result in a 1,3 -stereocontrol. The l,3)-syn stereochemistiy 
assigned based on the 'H NMR, where the large coupling constant between the meth: 
protons at C-2 and C-3 is indicative of anti stereochemistry between 
hydroxy/acetamido and methoxycarbonyl groups. 



Table-5 


Selective deprotection of the N- and C- terminals of these small molecule dipeptide 
iso.steres is nnssihle under acid and base hvdrolvsine conditions resoectivelv. 



(3-Acetamido ketones: Present Study 

P art A Sect ion — 

Thus, base hydrolysis of 2N HCl m methanol yielded 

are p-acetanudo carboxy ic ac , ^ corresponding amino 

the free p-amino ester in good yields. Comp y 

acid occurred by refluxing m 80% HCl m met ^ optimised 

" edT—IoJpotent leprae isosteres. Thus, the 
P mil l w/cinnamoyl chloride, benxoyl chloride and 
Xhlo— “L the correspond.g K-protected amido esters in good yields 

('Table-6'). 


Lead Optimized SmaU Molecule Isosteres 



Table-6 

The secondary alcohol 18a reacmd widi aceflc ^hydride in the presence of zinc chloride 
(the reaction did not occur in the presence of NEt,, pyridine or DMAP) to give the 
acetylated product 21 in good yields. 



The P-acetamido ketones could be used as synthons for the synthesis of a-dehydro P 
aminoacid derivatives. The p-phenylhomoisothreonine derivative 18b was converted to 
its corresponding a-dehydro-p-aminoester counterpart 23, by mesylation of the alcohol to 
22, followed by refluxing in the presence of triethlyamine and Nal in acetonitrile. 
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potency against HIV and hence another highly prospective candidate as drug lead • 
against HIV PR was synthesized. 



Reaction of 19a with methyl-L-(4-rra«5-hydroxy)prolinate hydrochloride in CH2CI2 in 
the presence of dicyclohexylcarbodiimide (DCC), 1-hydroxy bezatriazole (HOBT) and 
triethylamine (TEA) gave the a-hydroxyethylene containing Phe-Pro dipeptide isostere 
27 in good yields. 



Structure of a HMC isostere containing Phe-Pr 
Peptidomimic showing nanomolar inhibitoryac 
againt HIV PR 

Figure-12 

Thus, these P-aryl-homoisothreonines can be incorporated as part of peptide systems as 
novel isosteres, containing the crucial hydroxy group away from the Pn-Pn' core structure. 
In conclusion, we have developed a versatile and simple protocol for the synthesis of 
library of small molecule peptidomimetics, containing novel isosteres, the a- 
hydroxyethylene moiety and a-acetyl ketone moiety, away from the peptidomimic core 
stmcture - catalysed by polyaniline supported cobalt catalyst. This highly efficient MCC 
procedure is moderate to good in yields; allowing reactions to be done in gram quantities 
and employs a non-aqueous purification procedure that circumvents the need for column 
chromatography. Each of these small molecules is by itself a potential drug lead and the 
presence of protected N- and C-terminal handles allows the introduction of amino acids 
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of choice at both ends. Thus, these isosteres can be incorporated as part of peptide 
systems. 

The P-aryl homoisothreonine derivatives, we propose, could be excellent surrogates for 
the highly potent HMC isostere. To our knowledge this is the first report of its kind, for 
the design and synthesis of small molecule peptidomimetics containing the binding 
element to the HIV PR activ site "away" from the Pn-Pn' sites, as proposed by Wong et 
al.^^ We have also synthesized dipeptide isosteres 21, 23, 24, 26 and 27 containing (3- 
phenyl homoisothreonine and a-acetyl amido isostere. Peptidomimics 24 and 27 are 
structural analogues of known HIV PR inhibitors, 12 and 28 respectively. 

The advantages shared by polyaniline supported cobalt catalysed transformation thus far 
realized by us are, higher turn-over numbers for the catalyst than it’s non-polymer 
supported counterpart; recyclisability (leading towards “greener” transition metal 
chemistry); and easy non-aqueous isolation procedures for the products (an essential 
factor for the synthesis of substrates for proteases, considering that water-soluble small 
molecules are better suited for bioavailablility. 
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Experimental Section 

Materials and Methods 

Aceonitrile, ethyl acetate, hexane, THF and all other solvents were ptirified by standard 
procedures. C 0 CI 2 was purchased from LOBA Indian Limited and dried at 140 °C for 4 h 
before use. All the amino acids were bought from SpectroChem India Limited and used 
as such. Cinnamoyl chloride, aldehydes, methylchloroformate, Co(OAc) 2 , 
methylacetoacetate, levulinic acid, ketones, were all procured commercially and were 
purified before use. The aldehydes were distilled/recrystallized before use. Polyaniline 
supported Co(Salen) was prepared according to procedure developed in our lab’^^. 
Column chromatography was performed on ACME silica-gel eulant. TLC was performed 
on ACME silica-gel-G coated glass plates and were visualised under UV lamp (254 nm) 
or in Iodine chamber. 'H NMR spectra were recorded using Jeol PMX-60 system, Bruker 
WP-80, Jeol 300 FTNMR or JNMLA400 FTNMR machines in CCyCDClj. Chemical 
shift are given relative to TMS in ppm (5). Multiplicity is indicated using the following 
abbreviations: s(singlet), bs(broad singlet), d(doublet), dd(doublet of a doublet), 
ddd(doublet of a doublet of a doublet), dt(doublet of a triplet) td(triplet of a doublet), 
q(quartet) and m(multiplet). The FAB mass spectra were recorded on JEOL SX 102/DA 
6000 mass spectrometer data system using Argon (6 Kv, 10 mA) as the FAB gas. All the 
known compounds were characterized by comparing with the literature data. IR spectra 
were recorded on Perkin Elmer 683 spectrophotometer, using either a neat sample or a 
solution in CCI 4 /CH 2 CI 2 and solids were examined as KBr pellets and the values are 
reported in (cm''). HPLC analyses were done with Rainin System fitted with 
Dynamax® SD-200 pump and detected with Groton PDA solonet Diode Array Detector. 


Preparation of Polyaniline 

Freshly distilled aniline 10 mL (109.5 mmol) was dissolved in 125 mL of 1.5 M HCl, and 
a solution of ammoniumpersulfate (54.8 mmol) in 1.5 M HCl (125 mL) was added to it at 
0 °C. Since aniline polymerization is strongly exothermic, the oxidant must be added 
slowly over a period of Ih. After the addition of the oxidant, the reaction was stirred 
further for 4 h. The polyaniline hydrochloride precipitate was separated by filtration and 
washed consecutively with water (3X30 mL), methanol (2X25 mL), and diethyl ether 
(2X15 mL) to remove the oligomers and any of the reaction side products. The polymer 
was then vacuum-dried until constant mass. Deprotonation of polyaniline hydrochloride 
was achieved with aqueous ammonia (3 wt%). Deprotonated polymer was again washed 
with water, methanol, and diethyl ether and dried until constant mass (~3 gm). 
Polyaniline is quite stable to air and can be stored indefinitely in closed glass vials. 


Preparation of Polyaniline supported cobalt (II) acetate (PASCOA) 

Cobaltous acetate (200 mg) and polyaniline (200 mg) were added to a solution of acetic 
acid (25 mL) in acetonitrile (25 mL) and stirred at ambient temperature for 36 h. The 
resultant catalyst was filtered off and washed first with acetic acid (3X10 mL) and then 
thoroughly with acetonitrile until the filtrate was colorless. The resulting residue was 
dried in an air oven at 100 “C for 2 h to afford the black (or blackish brown) colored 
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catalyst. Polyaniline supported cobalt (II) acetate is stable to atmosphere and can be 
Stored indefinitely in closed vials. 


General Procedure for the Synthesis of p-keto amides in the Presence of 
PASCOA: 

Procedure A r. , , 

Polyaniline supported cobalt (II) acetate (~10 mg) was added to a solution of methyl 

acetoacetate/ketone (5^ mmol), aldehyde (5 mmol) and acetyl chloride (15 mmol),* in 
acetronitrile (15 mL) at ambient temperature. Then the reaction mixture was refluxed 
under nitrogen atmosphere at 85 “C for 10-16 h and at the completion of reaction (no 
further significant increase in concentration of product spot on TLC), the catalyst was 
removed by filtration through a sintered funnel under suction. The filtrate was evaporated 
to afford a residue, which was dissolved in minimum amount of CCI4 and addition of 
hexane drop wise to it resulted in precipitation of the corresponding p-keto amide as a 
sohd (in general most of these p-keto amides are good solids). The solid was filtered off 
on a sintered funnel under suction and the mother liquor was concentrated and subjected 
to similar washing with CC^hexane mixture, until no noticeable amounts of product 
(TLC) was left in it. The combined, crude product was washed once again with CCI4 and 
hexane and dried under vacuo to yield the corresponding p-keto amides in high purity (95 
- 100 % - HPLC), in moderate to good yields (50 - 70 %). In cases where the product was 
a gum, the resulting residue after filtration of catalyst and concentration of solvent from 
the filtrate, was taken in ethyl acetate (25 mL) and the organic layer was washed 
successively with water (2X10 mL), saturated aqueous solution of NaHC03 (3X10 
mL),** water (2X10 mL) and brine (1X10 mL). Drying over anhydrous Na2S04 and 
evaporation of solvent gave the crade product, which was subjected to column 
chromatography (EtOAc-Hexane) to afford the corresponding p-keto amide in good 
yields. 

Note: Reaction yields have been calculated with respect to the initial amount of ketone 
taken for reaction. 

* For aldehydes with hydroxyl groups 5 equivalents of acetyl chloride was added; good 
results were observed on using fireshly distilled acetylchloride every time. 

** Direct washing with bicarbonate solution, without preliminary washing with water - 
of the reaction mixture - is to be avoided as it generates tremendous pressure in the 
separating funnel. 

* Reactions were equally effective and reproducible up to a scale of 15-20 millimoles. 
Unless mentioned otherwise, the best scale reactions have been reported. 

General Procedure for the Synthesis of p-keto amides in the Presence of 
CoCij: 

Procedure B 

To a solution of methyl acetoacetate/ketone (U mmol), aldehyde (1 mmol) and acetyl 
chloride (3 mmol)* in acetonitrile (~5 mL) at ambient temperature was added anhydrous 
CoCl2° (5 mol %) at ambient temperature. Then the reaction mixture was refluxed under 
nitrogen atmosphere at 85 “C for 14 to 20 h and at the completion of reaction, the solvent 
was evaporated under vacuo, and the residue was taken in EtOAc (10 mL) and the 
or^ic layer was washed successively with water (1X10 mL), saturated aqueous solution 
of N^C03 (3X5 mL),** water (2X5 mL) and brine (1X5 mL). Drying over anhydrous 
Na2b04 and evaporation of solvent gave the cmde product, which was purified by 
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column chromatography (EtOAc-Hexane) to afford the corresponding P-keto amide in 
good yields. 

* For aldehydes with hydroxyl groups, 5 equivalents of acetyl chloride was added. 

** Direct washing with bicarbonate solution, without preliminary washing with water -of 
the reaction mixture - is to be avoided as it generates tremendous pressure in the 
separating funnel. 

^ Reactions were equally effective and reproducible up to a scale of 15 millimoles. 

° Cobaltous (II) chloride was dried at 150 °C in hot air oven for 1.5 h just before addition 
to the reaction vessel. 


Synthesis of Methyl-a-acetyl-p-acetamido-p-phenylpropionate (14a) 
Procedure A 

Polyaniline supported cobalt (II) acetate (~10 mg) was added to a solution of methyl 
acetoacetate (580 mg, 5 mmol), benzaldehyde (0.5 mL, 5 mmol) (freshly distilled) and 
acetyl chloride (1.1 mL, 15 mmol), in acetronitrile (15 mL) at ambient temperature. Then 
the reaction mixture was refluxed under nitrogen atmosphere at 85 “C for 10 h and at the 
completion of reaction, the catalyst was removed by filtration through a sintered funnel 
under suction. The filtrate was evaporated to afford a residue. The residue was dissolved 
in minimum amount of CCI 4 and addition of hexane drop wise to it resulted in 
precipitation of the crude P-keto amide (14a) as a solid. The solid was filtered off on a 
sintered funnel under suction and the mother liquor was repetitively concentrated and 
subjected to similar washing with CCl 4 -hexane mixture, until no noticeable amounts of 
product was left in it (TLC: EtOAc:Hexane - 2:3; = 0.5). The combined, crude, 

product was washed once again with CCI4 and hexane and dried under vacuo to yield 14a 
in high purity in good yields (815 mg, 62 %) as a solid (M.P. = 129-31 C). About 10 % of 
the unreacted acetoacetate was recovered in the wash. There was no noticeable formation 
of the Knoevenegal product in the reaction. The reaction yield was reproducible up to a 
scale of 25 mmols. 

Procedure B 

To a solution of methyl acetoacetate (116mg, 1 mmol), benzaldehyde (0.1 mL, 1 mmol) 
(freshly distilled) and acetyl chloride (0.22 mL, 3 mmol) in acetonitrile (5 mL) at 
ambient temperatvure was added anhydrous C 0 CI 2 (6 mg, 5 mol %). Then the reaction 
mixture was refluxed under nitrogen atmosphere at 85 °C for 14 h and at the completion 
of reaction, the solvent was evaporated imder vacuo and the residue was taken in EtOAc 
(15 mL) and the organic layer was washed successively with water (1X10 mL), saturated 
aqueous solution of NaHC 03 (3X5 mL), water (2X5 mL) and brine (1X5 mL). Drying 
over anhydrous Na 2 S 04 and evaporation of solvent gave the crude product, which was 
purified by column chromatography (EtOAc-Hexane - 7:13) or CC^hexane wash to 
afford the p-keto amide 14a in good (126 mg, 48%) yield as a solid. About 25 % of the 
starting acetoacetate was recovered, unreacted. Addition of freshly dried catalyst (5 mol 
%) after 7 h of initial stirring of the reaction mixture, increased the yield by ~5 %. The 
reaction was reproducible up to a scale of 25 mmols. 

‘H NMR (CDC13) 8 7.65 (d, J = 10.0 Hz, IH), 7.34 (s, 5H), 5.84 (dd, J = 12.5, 3.0 Hz, 
IH), 4.10 (d, J = 6.0 Hz, IHO, 3.72 (s, 3H), 2.37 (s, 3H), 2.04 (s, 3H); IR (KBr) 3300, 
3080, 1720, 1680, 1650, 1095, cm MS m/z 263 (M^, 147, 130, 105. 
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Synthesis of Methyl-a-acetyl-p-acetamido-p-p-chlorophenylpropionate {14b) 
Procedure A 

Polyaniline supported cobalt (II) acetate (~10 mg) was added to a solution of methyl 
acetoacetate (580 mg, mmol), p-chlorobenzaldehyde (703 mg, 5 mmol) and acetyl 
chloride (1.1 mL, 15 mmol), in acetronitrile (15 mL) at ambient temperature. Then the 
reaction mixture was refluxed under nitrogen atmosphere at 85 °C for 10 h and at the 
completion of reaction, the catalyst was removed by filtration through a sintered funnel 
under suction. The filtrate was evaporated to afford a residue, which was dissolved in 
mini rmim amount of CCI4 and addition of hexane drop wise to it resulted in precipitation 
of the crude P-keto amide (14b) as a solid. The solid was filtered off on a sintered funnel 
under suction and the mother liquor was repetitively concentrated and subjected to 
similar washing with CCl4-hexane mixture, until no noticeable amounts of product was 
left in it (TLC: EtOAc:Hexane - 2:3; Rf = 0.45). The combined, crude product was 
washed once again with CCI4 and hexane and dried under vacuo to yield 14b in high 
purity in good yields (1 gm, 68%) as a solid (M.P. = 130-132 ®C). About 15 % of the 
unreacted acetoacetate was recovered in the wash. There was no noticeable formation of 
the Knoevenegal product in the reaction. The reaction yield was reproducible up to a 
scale of 25 mmols. , 

Procedure B 

To a solution of methyl acetoacetate (116 mg, 1 mmol), p-chlorobenzaldehyde (140 mg, 
1 mmol) and acetyl chloride (0.21 mL, 3 mmol) in acetonitrile (5 mL) at ambient 
temperature was added anhydrous CoClj (6 mg). Then the reaction mixture was refluxed 
under nitrogen atmosphere at 85 °C for 13 h and at the completion of reaction, the solvent 
was evaporated under vacuo, and the residue was taken in EtOAc (10 mL) and the 
organic layer was washed successively with water (1X10 mL), saturated aqueous solution 
of NaHCOj (3X5 mL), water (2X5 mL) and brine (1X5 mL). Drying over anhydrous 
Na2S04 and evaporation of solvent gave the crude product, which was purified by 
colunrn chromatography (EtOAc-Hexane - 2:3) or CCVhexane wash to afford the P-keto 
amide 14b in good (122 mg, 41 %) yield as a solid (M.P. ). About 25 % of unreacted 
acetoacetate was recovered. The reaction was reproducible up to a scale of 20 mmols. 

'H NMR (CDC13) 8 7.62 (d, J = 10.0 Hz, IH), 7.7-7. 1 (m, 5H), 5.70 (dd, J = 10 0 and 5 
Hz, IH), 4.01 (d, J = 6.25 Hz, IH), 3.58 (s, 3H), 2.30 (s, 3H), 2.02 (s, 3H); IR (KBr) v 
3300, 1735, 1715, 1650, 1435, 1370, 1095, 820 cm"'; MS 7n/z298 (M^) , 182, 165, 14o!“' 

Synthesis of Methyl-a-acetyl-p-acetamido-p-p-nitrophenylproplonate (14c) 

Procedure A 

Polyaniline supported cobalt (II) acetate (~5 mg) was added to a solution of methyl 
acetoacetate (580 mg, 5 mmol), p-nitrobenzaldehyde (756 mg, 5 mmol) and acetyl 
chloride (1.1 mL, 15 mmol), in acetronitrile (15 mL) at ambient temperature. Then the 
reaction mixture was refluxed under nitrogen atmosphere at 85 °C for 16 h and at the 
completion of reaction, the catalyst was removed by filtration through a sintered funnel 
imder suction. The filtrate was evaporated to afford a residue, which was dissolved in 
minimum amoimt of CCI4 and addition of hexane drop wise to it resulted in precipitation 
of the crude P-keto amide (14c) as a solid. The solid was filtered off on a sintered fiiimel 
under suction and the mother liquor was repetitively concentrated and subjected to 
similar washing with CC^hexane mixture, until no noticeable amoimts of product was 
left in it (TLC: EtOAc:Hexane - 1:1; Rf = 0.40). The combined, crude product was 
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washed once again with CCI4 and hexane and dried under vacuo to yield 14c along with 
the Knoevenegal product. The mixture of products was subjected to column 
chromatography to yield the p-keto amide 14c in moderate yields (816 mg, 53 %) as a 
solid (M.P. = 149 - 151 °C). About 20 % of the unreacted acetoacetate was recovered in 
the wash. Addition of additional amounts of acetylchloride or catalyst or increased 
reaction time did not improve the yields or conversion significantly. The Knoevenegal 
product was formed in small amounts (~5 %) in the reaction as a side product. The 
reaction yield was reproducible up to a scale of 10 mmols. 

Procedure B 

To a solution of methyl acetoacetate (116 mg, 1 mmol), p-nitrobenzaldehyde (151 mg, 1 
mmol) and acetyl chloride (0.22 mL, 3 mmol) in acetonitrile (5 mL) at ambient 
temperature was added anhydrous C0CI2 (~6 mg). Then the reaction mixture was 
refluxed under nitrogen atmosphere at 85 ®C for 15 h and at the completion of reaction, 
the solvent was evaporated under vacuo, and the residue was taken in EtOAc (10 mL) 
and the organic layer was washed successively with water (1X10 mL), saturated aqueous 
solution of NaHCOj (3X5 mL), water (2X5 mL) and brine (1X5 mL). Drying over 
anhydrous Na2S04 and evaporation of solvent gave the crude product, which was purified 
by column chromatography (EtOAc-Hexane - 2:3) or CCl4-hexane wash to afford the p- 
keto amide 14c in very moderate (95 mg, 31 %) yield as a solid. About 40 % of unreacted 
acetoacetate was recovered. The reaction was reproducible up to a scale of 15 mmols. 
The Knoevenegal product was formed in small amounts (~8 %). 

'H NMR (CDCI3) 5 8.19 (d, J = 9Hz, 2H0, 7.85 (d, J = 7.5 Hz, IHO, 7.52 (d, J = 9 Hz, 
2H0, 5.90 (dd, J = 12.0, 3Hz, IH), 4.14 (d, J = 6.0 Hz, IH), 3.76 (s, 3H), 2.19 (s, 3H), 
2.09 (s, 3H); IR (KBr) v^,,, 3290, 3050, 1740, 1715, 1675,1535, 1340, 1100, 850 cm"’; 
MS m/z 308 (M^, 192, 176, 150. 

Synthesis of Methyl-a-acetyl-p-(o-nitrophenyl)-p-acetaniido ester (14d) 

Polyaniline supported cobalt (II) acetate (~10 mg) was added to a solution of methyl 
acetoacetate (580 mg, 5 mmol), O-nitrobenzaldehyde (756 mg, 5 mmol) and acetyl 
chloride (1.1 mL, 15 mmol), in acetronitrile (15 mL) at ambient temperature. Then the 
reaction mixture was refluxed under nitrogen atmosphere at 85 °C for 20 h and at the 
completion of reaction, the catalyst was removed by filtration through a sintered fimnel 
under suction. The filtrate was evaporated to afford a residue, which was dissolved in 
minimum amount of CCI4 and addition of hexane drop wise to it resulted in precipitation 
of the crude p-keto amide (14d) as a solid. The solid was filtered off on a sintered fimnel 
under suction and the mother liquor was repetitively concentrated and subjected to 
similar washing with CCl4-hexane mixture, until no noticeable amounts of product was 
left in it (TLC: EtOAc:Hexane - 3:2; R^ = 0.50). The combined, crude product was 
washed once again with CCI4 and hexane and dried under vacuo to yield 14d along with 
the Knoevenegal product. The mixture of products was subjected to column 
chromatography to yield the p-keto amide 14d in poor yields (430 mg, 28 %) as a solid 
(M.P. = 136 - 137 °C). About 50 % of the unreacted acetoacetate was recovered in the 
wash. Addition of additional amounts of acetylchloride or catalyst or increased reaction 
time did not improve the yields or conversion significantly. The reaction yield was 
reproducible up to a scale of 10 mmols. The Knoevenegal product was isolated as a gum 
in 20% yield. 
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14d 'H NMR (CDCI3) 6 7.92 (d, J = 8.8 Hz, IH), 7.75 - 7.32 (m, 4H), 6.34 (dd, J = 9 Hz 
& 2.5 Hz, IH), 4.35 (d, J = 4 Hz, IH), 3.66 (s, 3H), 2.42 (s, 3H), 2.00 (s, 3H) 

3270, 3080, 1710, 1690, 1650, 1600 

14d* ‘HNMR (CDCI 3 ) 5 8.2 (d, J = 8 Hz, 2H), 7.78 - 7.58 (m, 2H), 7.31 (s, IH), 3.90 (s, 
3H), 2.36 (s, 3H) 

Synthesis of Methyl-a-acetyl-p-(o-oxyacetylphenyl)-p-acetamido ester {14e) 
Procedure A 

Polyaniline supported cobalt (II) acetate (~10 mg) was added to a solution of methyl 
acetoacetate (580 mg, 5 mmol), salicylaldehyde (611 mg, 5 mmol) and acetyl chloride 
(1.85 mL, 25 mmol), in acetronitrile (25 mL) at ambient temperature. Then the reaction 
mixture was refluxed under nitrogen atmosphere at 85 °C for 16 h and at the completion 
of reaction, the catalyst was removed by filtration through a sintered funnel under 
suction. The filtrate was evaporated to afford a residue, which was dissolved in 
ethylacetate (25 mL) and the organic layer was washed with water (3X10 mL), saturate 
aqueous solution of NaHCOj (3X10 mL), water (2X10 mL) and brine (1X10 mL). 
Drying over anhydrous Na 2 S 04 and evaporation of solvent gave the crude product, which 
was purified by column chromatography (EtOAc-Hexane - 1:1) to yield 14e in good 
yields (931 mg, 58%) as a gum. About 15 % of the unreacted acetoacetate was recovered 
in the wash. The reaction yield was reproducible upto a scale of 10 mmols. 

Procedure B 

To a solution of methyl acetoacetate (116 mg, 1 mmol), salicylaldehyde (122 mg, 1 
mmol) and acetyl chloride (0.37 mL, 5 mmol) in acetonitrile (10 mL) at ambient 
temperature was added anhydrous CoClj (6 mg). Then the reaction mixture was refluxed 
under nitrogen atmosphere at 85 °C for 20 h and at the completion of reaction, the solvent 
was evaporated under vacuo, and the residue was taken in EtOAc (25 mL) and the 
organic layer was washed successively with water (2X10 mL), saturated aqueous solution 
of NaHCOj (3X5 mL), water (2X5 mL) and brine (1X5 mL). Drying over anhydrous 
Na 2 S 04 and evaporation of solvent gave the crude product, which was purified by 
colunrn chromatography (EtOAc-Hexane - 1:1) to afford the p-keto amide 14e in good 
(132 mg, 41 %) yields as a gum. About 18 % of unreacted acetoacetate was recovered. 
The reaction was reproducible up to a scale of 10 mmols. 

‘H NMR, CDCI3, 5 1.63 (d, J = 8 Hz, IH), 7.50 - 7/03 (m, 5H), 6.00 (dd, J = 12.5 Hz & 
6 Hz, IH), 4.06 (d, J = 6.9 Hz, IH), 3.72 (s, 3H), 2.48 (s, 3H), 2.40 (s, 3H), 2.08 (s, 3H); 
IR 3300, 3080, 1750, 1720, 1690 cm*' 

Synthesis of Methyl-a-acetyl-p-(/n-oxyacetyl-p-methoxyphenyl)-p-acetamido 
ester (14f) 

Procedure A 

Polyaniline supported cobalt (II) acetate (~I0 mg) was added to a solution of methyl 
acetoacetate (580 mg, 5 mmol), isovanillin (760 mg, 5 mmol) and acetyl chloride (1.85 
mL, 25 mmol), in acetronitrile (25 mL) at ambient temperature. Then the reaction 
mixture was refluxed under nitrogen atmosphere at 85 °C for 16 h and at the completion 
of reaction, the catalyst was removed by filtration through a sintered funnel under 
suction. The filtrate was evaporated to afford a residue. The residue was dissolved in 
minimum amount of CCI4 and addition of hexane drop wise to it resulted in precipitation 
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14g ‘H NMR (CDCI3) 5 7.33 (d, J = 7 Hz, IH), 6.93 (s, 5H), 5.83 (dd, J = 8.0, 5 Hz, IH), 
4.12 (d, J = 5.0 Hz, IH), 3.83 (s, 3H), 3.70 (s, 3H), 2.37 (s, 3H), 2.27 (s, 3H), 2.03 (s, 
1.5H), 1.97 (s, 1.5Hz); IR (KBr) 3330, 3050, 1740, 1720, 1660, 1535, 1340, 1100, 
835 cm-'; MS m/z 369 (M-^), 352, 235, 192, 148. 

14g* 'H NMR, CDCI3, 6 7.65 (s, IH), 7.53 (s, IH), 7.17 (d, J = 3 Hz, IH), 7.08 (d, J = 3 
Hz, IH), 3.87 (s, IH), 2.48 (s, 6H) 


Synthesis of Methyl-a-acetyl-p-(o-methylformyl-phenyl)-p-acetamido ester 
(14h) 

Procedure A 

Polyaniline supported cobalt (II) acetate (~10 mg) was added to a solution of methyl 
acetoacetate (580 mg, 5 mmol), o-methylformylbenzaldehyde (820 mg, 5 mmol) and 
acetyl chloride (1.1 mL, 15 mmol), in acetronitrile (15 mL) at ambient temperature. Then 
the reaction mixture was refluxed under nitrogen atmosphere at 85 °C for 12 h and at the 
completion of reaction, the catalyst was removed by filtration through a sintered ftmnel 
imder suction. The filtrate was evaporated to afford a residue, which was dissolved in 
minimum amount of CCI4 and addition of hexane drop wise to it resulted in precipitation 
of the crude p-keto amide (14h) as a solid. The solid was filtered off on a sintered funnel 
under suction and the mother liquor was repetitively concentrated and subjected to 
similar washing with CCl4-hexane mixture, until no noticeable amounts of product was 
left in it (TLC: EtOAc:Hexane - 3:2; Rf = 0.50). The combined, crude product was 
washed once again with CCI4 and hexane and dried under vacuo to yield 14h in good 
yields (683 mg, 51 %) as a solid (M.P. = 145 - 146 °C). About 20 % of die unreacted 
acetoacetate was recovered in the wash. Addition of additional amounts of acetylchloride 
or catalyst or increased reaction time did not improve the yields or conversion 
significantly. 

Procedure B 

To a solution of methyl acetoacetate (116 mg, 1 mmol), o-methylformylbenzaldehyde 
(164 mg, 1 mmol) and acetyl chloride (0.22 mL, 3 mmol) in acetonitrile (5 mL) at 
ambient temperature was added anhydrous CoClj (6 mg). Then the reaction mixture was 
refluxed under nitrogen atmosphere at 85 °C for 14 h and at the completion of reaction 
the solvent was evaporated under vacuo, and the residue was taken in EtOAc (10 mL) 
and the organic layer was washed successively with water (1X10 mL), saturated aqueous 
solution of NaHC03 (3X5 mL), water (2X5 mL) and brine (1X5 mL). Drying over 
anhydrous Na2S04 and evaporation of solvent gave the crade product, which was purified 
by column chromatography (EtOAc-Hexane - 1:1) or CC^hexane wash to afford the p- 
keto amide 14h in very moderate (41%) yield as a solid. About 20 % of unreacted 
acetoacetate was recovered. The reaction was reproducible up to a scale of 5 mmols. 

'H NMR (CDCI3) 5 7.97 (d, J = 7 Hz, IH), 7.66 - 7.30 (m, 4H), 6.42 (dd, J = 9 Hz & 3.5 
Hz, IH), 4.13 (d, J - 3.5 Hz, IH), 3.65 (s, 3H), 3.49 (s, 3H), 2.31 (s, 3H), 1.87 (s, 3H); IR 
(KBr) 3350, 3080, 1740, 1720, 1640 cm"!; MS m/z 322 (M^, 206, 189, 164 
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Synthesis of Methyl-a-acetyl-p-(1-isobutyl)-p-acetamido ester (14i) 

Procedure A 

Polyaniline supported cobalt (II) acetate (~10 mg) was added to a solution of methyl 
acetoacetate (580 mg, 5 mmol) valeraldehyde (130 mg, 5 mmol) and acetyl chloride (1.1 
mL, 15 mmol), in acetronitrile (15 mL) at ambient temperature. Then the reaction 
mixture was refluxed under nitrogen atmosphere at 85 °C for 14 h and at the completion 
of reaction, the catalyst was removed by filtration through a sintered funnel under 
suction. The filtrate was evaporated to afford a residue, which was dissolved in 
ethylacetate (25 mL) and the organic layer was washed successfully with water (2X10 
mL), saturated aqueous solution of NaHCOj (2X10 mL), water (1X10 mL). Drying 
(Na 2 S 04 ) and evaporation of the solvent under vacuo yielded a residue, which was 
subjected to column chromatography (EtOAcrhexane = 2:3) to yield 141 (TLC: 
EtOAc:hexane = 2:3; Rf= 0.5) as a gumin good yields (670 mg, 55%). About 15 % of the 
unreacted acetoacetate was recovered in the wash. The reaction yield was reproducible 
up to a scale of 10 mmols. 

Procedure B 

To a solution of methyl acetoacetate (116 mg, 1 mmol), 3-methylbutanal (86 mg, 1 
mmol) and acetyl chloride (0.22 mL, 3 mmol) in acetonitrile (5 mL) at ambient 
temperature was added anhydrous CoClj (6 mg). Then the reaction mixture was refluxed 
under nitrogen atmosphere at 85 °C for 14 h and at the completion of reaction, the solvent 
was evaporated imder vacuo, and the residue was taken in EtOAc (10 mL) and the 
organic layer was washed successively with water (1X10 mL), saturated aqueous solution 
of NaHCOj (3X5 mL), water (2X5 mL) and brine (1X5 mL). Drying over anhydrous 
Na 2 S 04 and evaporation of solvent gave the cmde product, which was purified by 
column chromatography (EtOAc-Hexane - 2:3) to afford the P-keto amide 14i in good 
(127 mg, 52 %) yields as a gum. About 15 % of unreacted acetoacetate was recovered. 

‘H NMR, CDCI3, 5 6.67 (d, J = 10 Hz, IH), 4.77 (dq, J = 9 Hz & 4.5 Hz, IH), 3.75 (s, 
3H), 2.72 (bs, IH), 2.30 (s, 3H), 1.93 (s, 3H), 1.47 (dd, J = 8 Hz & 4.8 Hz, 2H), 1.25 (m, 
IH), 0.9 (d, J = 6 Hz, 6H); IR v^^, 3280, 3070, 2890, 1775, 1680 cm MS m/z 243 (M^, 
185, 127, 86 


Synthesis of 3-methyl-4-acetamido-4-phenyl-butan-2-one (16a) 

Polyaniline supported cobalt (11) acetate (~10 mg) was added to a solution of 
ethylmethylketone (360 mg, 5 mmol), benzaldehyde (530 mg, 5 mmol) and acetyl 
chloride (1.1 mL, 15 mmol), in acetronitrile (15 mL) at ambient temperature. Then the 
reaction mixture was refluxed under nitrogen atmosphere at 85 °C for 14 h and at the 
completion of reaction, thie catalyst was removed by filtration through a sintered funnel 
under suction. The filtrate was evaporated to afford a residue, which was dissolved in 
minimum amount of CCI4 and addition of hexane drop wise to it resulted in precipitation 
of the crude p-keto amide (16a) as a solid. The solid was filtered off on a sintered funnel 
under suction and the mother liquor was repetitively concentrated and subjected to 
similar washing with CCVhexane mixture, until no noticeable amounts of product was 
left in it (TLC: EtOAc:Hexane - 1:1; Rf = 0.50). The combined, crude, product was 
washed once again with CCI4 and hexane and dried under vacuo to yield the P-keto amide 
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16a in moderate yields (503 mg, %) as a solid (M.P. = 100-102 °C). The reaction yield 
was reproducible up to a scale of 10 mmols. 

'H NMR, CDCI 3 , 5 8.00 (d, J = 9 Hz, IH), 7.50 - 7.10 (m, 5H), 5.22 (dd, J = 9 Hz & 9 
Hz, IH), 3.07 (q, J = 7 Hz, IH), 2.13 (s, 3H), 1.93 (s, 3H), 1. 12 (d, J = 7 Hz, 3H); MS m/z 
219 (MO, 176, 148, 106 


Synthesis of 3-methyl-4-acetamido-4-(p-chlorophenyl)-butan-2-one {16b) 

Polyaniline supported cobalt (II) acetate (~10 mg) was added to a solution of ethyl 
methyl ketone (360 mg, 5 mmol), p-chlorobenzaldehyde (703 mg, 5 mmol) and acetyl 
chloride ( 1.1 mL, 15 mmol), in acetronitrile (15 mL) at ambient temperature. Then the 
reaction mixture was refluxed under nitrogen atmosphere at 85 °C for 13 h and at the 
completion of reaction, the catalyst was removed by filtration through a sintered funnel 
under suction. The filtrate was evaporated to afford a residue. The residue was dissolved 
in minimum amount of CCI4 and addition of hexane drop wise to it resulted in 
precipitation of the crude P-keto amide (16b) as a solid. The solid was filtered off on a 
sintered funnel under suction and the mother liquor was repetitively concentrated and 
subjected to similar washing with CCl 4 -hexane mixture, until no noticeable amounts of 
product was left in it (TLC: EtOAcrHexane - 1 : 1 ; R, = 0.45). The combined, crude 
product was washed once apin with CCl 4 and hexane and dried under vacuo to yield the 
P-keto amide 16b in good yields (634 mg, 50 %) as a solid (M.P. = 83-85 °C) Addition 
of additional amounts of acetylchloride or catalyst or increased reaction time did not 
improve the yields or conversion significantly. The reaction yield was reproducible up to 
a scale of 10 mmols. ^ 


~ ^ IH)’ 5-07 (dd, J = 8.8 Hz & 

5.6 Hz, IH), 3.06 (dq, J = 5 Hz & 1.3 Hz, IH), 2.00 (s, 3H), 1.96 (s 3H) 1 13 fd J = 
6.25 Hz, 3H); MS m/z 253 (M7), 210, 182, 140 ^ ’ 


Polyaniline supported cobalt (H) acetate (~10 mg) was added to a solution of methyl 
acetoace ate (360 mg, 5 mmol), vanillin (760, mg, 5 mmol) and acetyl chloride (1.85 mL 
25 mmol), m acetronitrile (25 mL) at ambient temperature. Then the reaction mixture 
was refluxed under nitrogen atmosphere at 85 °C for 15 h and at the completion of 

The Z; ^der suction. 

pZ ^ dissolved in minimum amount 

kLZmiZZ “ precipitation of the crude P- 

Sd Z Z ^ ^ fonnel under suction 

whh CCl Z? repetitively concentrated and subjected to similar washing 

noticeable amounts of product was left in it (TLC- 

^ ™ washed onoe^ 

With CCI 4 and hexane and dried under vacuo to vield the R iretn cmiAa i£ ■ 

SndT °1 r : 
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NMR, CDCI3, 8 7.40 (d, J = 5 Hz, IH), 6.98 - 6.79 (m, 3H), 5.70 (dd, J = 8 Hz & 5 
Hz, IH), 3.73 (s, 3H), 3.09 (d, J = 7 Hz, IH), 2.17 (s, 3H), 1.77 (s, 3H), 1.35 (s, 3H) 


Synthesis of 4-methyl-5-acetamido-5-phenyl-pentan-2-one (16d) 

Polyaniline supported cobalt (II) acetate (~10 mg) was added to a solution of methyl 
acetoacetate (258 mg, 3 mmol), benzaldehyde (318 mg, 3 mmol) and acetyl chloride (0.7 
mL, 9 mmol), in acetronitrile (10 mL) at ambient temperature. Then the reaction mixture 
was refluxed under nitrogen atmosphere at 85 °C for 16 h and at the completion of 
reaction, the catalyst was removed by filtration through a sintered funnel under suction. 
The filtrate was evaporated to afford a residue, which was dissolved in minimum amount 
of CCI4 and addition of hexane drop wise to it resulted in precipitation of the crude p- 
keto amide (16d) as a solid. The solid was filtered off on a sintered funnel under suction 
and the mother liquor was repetitively concentrated and subjected to similar washing 
with CCl4-hexane mixture, until no noticeable amounts of product was left in it (TLC: 
EtOAc:Hexane - 2:3; Rf = 0.50). The combined, crude, product was washed once again 
with CCI4 and hexane and dried under vacuo to yield the p-keto amide 16d in good yields 
(433 mg, 62 %) as a solid (M.P. = 105 - 107°C). 

16d ‘H NMR, CDCI3, 8 7.8 (bs, IH), 7.63 - 7.37 (s, 5H), 5.27 (dd, J = 10 Hz & 6 Hz, 
IH), 3.18 (dq, J = 9.4 Hz & 0.8 Hz, IH), 2.33 (q, J = 7.5 Hz, 2H), 2.04 (s, 3H), 1.26 (d, J 
= 6.8 Hz, 3H), 1.3 (t, J = 6.8 Hz, 3H); MS m/z 233 (M^, 189, 147, 133, 105; IR (KBr) 
v,„^3310, 3060, 1715, 1695, 1640 cm'* 

16d* 'H NMR, CDCI3, 8 7.72 - 7.40 (m, 6 H), 3.52 (tdd, J = 26 Hz, 17 Hz & 1.5 Hz, 2H), 
2.16 (s, 3H), 1.15 (t, J = 7 Hz, 3H) 

Synthesis of a-methyl-p-acetamido-p-phenyl-propiophenone (16e) 

Polyaniline supported cobalt (II) acetate (~5 mg) was added to a solution of 
propiophenone (670 mg, 5 mmol), benzaldehyde (530 mg, 5 mmol) and acetyl chloride 
(1.17 mL, 15 mmol), in acetronitrile (15 mL) at ambient temperature. Then the reaction 
mixture was refluxed under nitrogen atmosphere at 85 °C for 16 h and at the completion 
of reaction, the catalyst was removed by filtration through a sintered funnel under 
suction. The filtrate was evaporated to afford a residue. The residue was dissolved in 
minimum amount of CCI4 and addition of hexane drop wise to it resulted in precipitation 
of the crude p-keto amide (16e) as a solid. The solid was filtered off on a sintered funnel 
under suction and the mother liquor was repetitively concentrated and subjected to 
similar washing with CCl4-hexane mixture, until no noticeable amounts of product was 
left in it (TLC: EtOAc:Hexane - 1:1; Rf = 0.5). The combined, crude, product was 
washed once again with CC^and hexane and dried imder vacuo to yield 16e in moderate 
yields (41 %) as a solid (M.P. = 130-132 °C). About 25 % of the unreacted acetoacetate 
was recovered in the wash. Addition of additional amounts of acetylchloride or catalyst 
or increased reaction time did not improve the yields or conversion significantly. The 
reaction yield was reproducible up to a scale of 8 mmols. 

‘H NMR, CDCI3, 5 7.87 - 7.17 (m, IH), 5.44 (dd, J = 9.4 Hz & 4.4 Hz, IH), 4.14 (dq, J = 
7.5 Hz & 5 Hz, IH), 1.13 (s, 3H), 1.38 (d, J = 7.5 Hz, 3H); IR (KBr) 3050, 1750, 
1675,1650 cm'' 
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Synthesis of a-methyl-p-acetamido-p-(p>chlorophenyl)-propiophenone (16f) 

Polyaniline supported cobalt (II) acetate (~5 mg) was added to a solution of 
propiophenone (670 mg, 5 mmol), p-chlorobenzaldehyde (700 mg, 5 mmol) and acetyl 
chloride (1.17 mL, 15 mmol), in acetronitrile (15 mL) at ambient temperature. Then the 
reaction mixture was refluxed under nitrogen atmosphere at 85 °C for 15 h and at the 
completion of reaction, the catalyst was removed by filtration through a sintered fuimel 
under suction. The filtrate was evaporated to afford a residue, which was dissolved in 
ethylacetate (25 mL) and the organic layer was washed successfully with water (2X10 
mL), saturated aqueous solution of NaHCOj (2X10 mL), water (1X10 mL) and brine 
(1X10 mL). Drying (Na2S04) and evaporation of the solvent under vacuo yielded a 
residue, which was subjected to column chromatography (EtOAc: hexane = 2:3) to yield 
16f (TLC: EtOAc:hexane = 4:5; Rf = 0.5) as a gum in moderate yields (653 mg, 42 %). 
About 22 % of the unreacted propiophenone was recovered in the wash. The aldol 
product 16f* was formed in small amounts (~8 %) in the reaction as a side product. The 
reaction yield was reproducible up to a scale of 1 0 mmols. 

16f 'H NMR, CDCI3, 6 7.59 - 7.28 (m, 5H), 7.22 - 7.07 (m, 5H), 5.3 ( d, J = 10 Hz IH) 

3H). 1.18 ( d. J = 7.5 Hz, 3 H); IR (KBr): 3260, 3050, 

iooU5ioJUcm . 


16f* 'H NMR, CDCI3, 6 8.00 - 7.78 (m, 3H), 7.44 - 7.34 (m, 3H), 7 30 - 7 25 fm 3m 
4.90 (d, J = 7.5 Hz, IH), 3.69 (dq, J = 7.5 Hz & 3.8 Hz,lH), 1.02 (d, J = 7 5 Uz SUy 


Synthesis of a-methyl-p-acetainldo-p-{/n-oxyacetyl-p-methoxyphenyl)- 

propio phenone(16g) yn y; 

Procedure A 

Polyamhne suppo^d cobalt (II) acetate (~5 mg) was added to a solution of 
propiophenone (670 mg, 5 mmol) isovanillin (760 mg, 5 mmol) and acetyl chloride 

mivti, ’ J acetromtnle (25 mL) at ambient temperature. Then the reaction 

mixture was refluxed under mtrogen ataiosphere at 85 °C for 16 h and at the completion 

suction. The filtrate was evaporated to afford a residue. The residue was dissolved in 
minimum amo^t of CCI4 and addition of hexane drop wise to it resulted 
of the crude p-keto amide (16g) as a solid. The solid was filtered off on a singed funnel 
under suction and the mother liquor was repetitively concentrated and subjected to 

FtOAr-R^^ ® no noticeable amounts of product (TLC: 

once agair^L'ca ^d ^°"^^“ed, crude, product was washed 

ce ^Sam CCI4 and hexane and dned under vacuo to yield 16g in good vields r54 

%) as a sohd (M.P. =161-163 °C). About 15 o/„ of the unreacted ketone w^reco^ 
he wash. The reaction yield was reproducible up to a scale of 15 mmols. 

Procedure B 
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successively with water (1X10 mL), saturated aqueous solution of NaHCOj (3X5 mL), 
water (2X5 mL) and brine (1X5 mL). Drying over anhydrous Na2S04 and evaporation of 
solvent gave the crude product, which was purified by column chromatography (EtOAc- 
Hexane - 2:3) to afford the p-keto amide 16g in good (47 %) yields as a solid. About 25 
% of u n reacted ketone was recovered. 

‘H NMR (CDCI3) a 6.50 (d, J = 7.5 Hz, IH), 4.83 (d.t, J = 11, 5 Hz, IH), 3.93 (s, 3H), 
3.87 (d, J = 3.5 Hz, IH), 2.53 (s, 1.5H), 2.45 (s, 1.5H), 2.15 (s, 3H), 1.58 (dt, J = 10, 5 
Hz, 2H), 1.3 (m, IH), 1.13 (d, J = 5 Hz, 3H); IR (KBr) i^ 3290, 1750, 1675, 1340, 1 100, 
850 cm-‘; MS m/z 243 (M^ 185, 142, 126, 1 12. 

Synthesis of a-methyl-p-acetamido-p-(p-oxyacetyl-/n-methoxyphenyl)- 
propio phenone(16h) 

Polyaniline supported cobalt (II) acetate (~5 mg) was added to a solution of 
propiophenone (670 mg, 5 mmol), vanillin (760 mg, 5 mmol) and acetyl chloride (1.95 
mL, 25 .mmol), in acetronitrile (25 mL) at ambient temperature. . Then the reaction 
mixture was refluxed under nitrogen atmosphere at 85 °C for 16 h and at the completion 
of reaction, the catalyst was removed by filtration through a sintered funnel under 
suction. The filtrate was evaporated to afford a residue. The residue was dissolved in 
minimum amount of CCI4 and addition of hexane drop wise to it resulted in precipitation 
of the crude p-keto amide (16h) as a solid. The solid was filtered off on a sintered funnel 
under suction and the mother liquor was repetitively concentrated and subjected to 
similar washing with CC^hexane mixture, until no noticeable amounts of product (TLC: 
EtOAc:Hexane - 3:2; Rf = 0.45) was left in it. The combined, crade, product was washed 
once again with CCI4 and hexane and dried under vacuo to yield 16h in good yields (48 
%) as a solid (M.P. =142-144 °C). About 20 % of the unreacted ketone was recovered in 
the wash. 

16h ‘H NMR (CDCI3) a 7.23 (d, J = 4 Hz, IH), 7.2 (m, 5H), 6.97-6.73 (m, 3H), 5.62 (dd, 
J = 7.5 Hz, IH), 4.12 (dq, J = 10, 7 Hz, IH), 3.68 (s, 3H), 2.16 (s, 3H), 1.94 (s, 3H), 1.31 
(d, J = 4Hz, 3H); IR (KBr) v„„ 3300, 3030, 1750, 1675, 1305, 1109 cm '; MS m/z 369 
(MO, 237, 132. 

16h* 'H NMR, CDCI3, 5 9.9 (s, IHO, 7.45 (d, J = 2.5 Hz, IH), 7.38 (d, J = 2.5 Hz, IH), 
7.22 (s, IH), 3.83 (s, 3H), 2.23 (s, 3H). 


Synthesis of a-methyl-p-acetamido-p-(p-nitrophenyl)-propiophenone ( 16 i) 

Polyaniline supported cobalt (II) acetate (~5 mg) was added to a solution of 
propiophenone (670 mg, 5 mmol), p-nitrobenzaldehyde (755 mg, 5 mmol) and acetyl 
chloride (15 mmol), in acetronitrile (15 mL) at ambient temperature. Then the reaction 
mixture was refluxed under nitrogen atmosphere at 85 °C for 16 h and at the completion 
of reaction, the catalyst was removed by filtration through a sintered funnel imder 
suction. The filtrate was evaporated to afford a residue, which was dissolved in 
ethylacetate (25 mL) and the organic layer was washed successfully with water (2X10 
mL), saturated aqueous solution of NaHC03 (2X10 mL), water (1X10 mL) and brine 
(1X10 mL). Drying (Na2S04) and evaporation of the solvent under vacuo yielded a 
residue, which was subjected to column chromatography (EtOAc:hexane = 2:3) to yield 
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16i (TLC: EtOAc:hexane = 2:3; Rf= 0.45) as a gum in moderate yields (587 mg, 36 %). 
The knoevenegal product was formed as a side product in small amounts (11%)/ 

H NMR, CDCI3, 6 8.00 (d, J = 9 Hz, 2H), 7.85 — 7.31 (m, 6 H), 7.15 (d, J = 9 Hz 2H) 
5.35 (dd, J = 9 Hz & 6 Hz, IH), 4.04 (dq, J = 7.2 & 4 Hz, IH), 2.10 (s, 3H) 1 40 (d J = 
6.6 Hz, 3H); IR 3290, 1675, 1635, 1535, 1340 cm'* 

Methyl levulinate 

‘H NMR, CDCI 3 , 6 3.86 ( s, 3H), 2.68 (dd, J = 10.8 Hz & 7.2 Hz, 4H), 2.23 (s, 3H). 


Synthesis of methyl-p-acetyl-^-acetaniido^-phenyl-butanoate (16j) and 
methyI-6-acetamido-6-phenyl-hexanoate-4-one (1 6k) 

Polyaniline supported cobalt (II) acetate (~5 mg) was added to a solution of methyl 
levulinate (396 mg, 3 mmol), benzaldehyde (318 mg, 3 mmol) and acetyl chloride (1.17 
mL, 15 mmol), in acetronitrile (15 mL) at ambient temperature. Then the reaction 
mixture was refluxed under nitrogen atmosphere at 85 “C for 18 h and at the completion 
of reaction, the catalyst was removed by filtration through a sintered fiinnel under 
suction. The filtrate was evaporated to afford a residue . The residue was dissolved in 
nmimum amo^t of CCI4 and addition of hexane drop wise to it resulted in precipitation 
of a mixture of two products (TLC : EtoAC:Hexane - 4:5; R^ = 0.4, 0.35) as a giL. The 
gT^y residue was repetitively concentrated and subjected to similar washing with 
CCl 4 -hexane mixture thrice, and the resulting residue was subjected to column 
chromatography (Silica gel - EtOAc:Hexane - 3.5:6.5) to yield the P-keto amide 161 in 
y)So a ^ substituted regioisomer (16k) a8 


Im ^ ^ ^-24 (dd, J = 8.8 Hz & 7.8 Hz, IH) 3 27 (s 

ni; ^ ^ »>’ ^ 

16k H NMR, CDCI 3 , 6 7.7 (d, J = 9 Hz, IH), 7.4 - 6.88 (m, 5H) 5 22 ft J = 8 H 7 1 m 
^53 (m, (dd. J= 17.5 Hz & 7.5 Hz, 2H), 2.16-2.00 (m, 2H), 1.87 (s, 3H),’l.8 - 


“t* of methyl 

acetoacetate (5 mmol), p-mtrobenzaldehyde (5 mmol) and acetyl chloride ri5 rnmnL L 

ca..,t waf temoCt ^ h't 

ccuma chmmatoamphy (E«3Ao-Hexane - 2 : 3 ) J 
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moderate (37 %) yields as a gum. About 25 % of unreacted keto ester was recovered in 
the column. The knoevenegal product was formed as a side product in copious amounts 
(~25 %). 

‘H NMR, CDCI3, 5 7.15 - 6.90 (m, 3H), 5.13 (dd, J = 8.8 Hz & 5 Hz, IH), 3.69 (s, 3H), 
3.38 (m, IH), 2.58 ( td, J = 15 Hz & 5.6 Hz, 2H), 2.16 (s, 3H), 1.98 (s, 3H), 1.81 (s, 3H); 
IR v„ax 3300, 3050, 1750, 1660 cm’' 


General Procedure for the synthesis of p-aryl homoisothreonines 

Sodium borohydride (1 mmol) was added in portions to a solution of P-acetamido ketone 
(1 namol) in methanol (75 mL) with constant stirring at 0-5° C. After complete addition, 
the reaction was further stirred for 1.5 h. After completion of reaction (TLC), the reaction 
was quenched with a few drops of saturated aqueous solution of NH4CI and the solvent 
was evaporated in vacuo. The residue was taken in diethyl ether (15 mL), and the organic 
layer was washed successively with water (2X10 mL) and brine (1X10 mL). Drying 
(anhydrous Na 2 S 04 ) and evaporation of solvent gave the crude product, which was 
purified by column chromatography (silica gel; EtOAc-Hexane) to afford the 
corresponding alcohols (p-aryl homoisothreonines) in good yields (80 - 90 %). 


Synthesis of methyl-N-acetyl-p-phenyl-homoisothreoninate (18a) 

Sodium borohydride (38 mg, 1 mmol) was added in portions to a solution of 14a (263 
mg, 1 mmol) in methanol (75 mL) with constant stirring at 0-5° C. After complete 
addition, the reaction was further stirred for 1.5 h. After completion of reaction (TLC), 
the reaction was quenched with a few drops of saturated aqueous solution of NH4CI and 
the solvent was evaporated in vacuo. The residue was taken in diethyl ether (15 mL), and 
the organic layer was washed successively with water (2X10 mL) and brine (1X10 mL). 
Drying (anhydrous Na 2 S 04 ) and evaporation of solvent gave the crude product, which 
was purified by column chromatography (silica gel; EtOAc-Hexane) to afford the 
corresponding P-aryl homoisothreonine 18a in good yields (235 mg, 90 %) as gum. 

*H NMR, CDCI3, 5 8.00 (d, J = 8 Hz, IH), 7.35 - 7.08 (s, 5H), 5.61 (dd, J = 1 1 Hz & 2.5 
Hz, IH), 3.87 (dq, J = 6.8 Hz & 3 Hz, IH), 3.53 (s, 3H), 2.93 - 2.65 (m, IH), 1.97 (s, 
3H), 1.17 (d, J = 6 Hz, 3H); IR 3380, 3050, 1750, 1650, 1530 cm'’. 


Synthesis of methyl-N-acetyl-p-(p-chlorophenyl)-honnoisothreoninate (18b) 

Sodium borohydride (38 mg, 1 mmol) was added in portions to a solution of 14b (300 
mg, 1 mmol) in methanol (75 mL) with constant stirring at 0-5° C. After complete 
addition, the reaction was further stirred for 1.5 h. After completion of reaction (TLC), 
the reaction was quenched with a few drops of saturated aqueous solution of NH4CI and 
the solvent was evaporated in vacuo. The residue was taken in diethyl ether (15 mL), and 
the organic layer was washed successively with water (2X10 mL) and brine (1X10 mL). 
Drying (anhydrous Na 2 S 04 ) and evaporation of solvent gave the crude product, which 
was purified by column chromatography (silica gel; EtOAc-Hexane) to afford the 
corresponding p-aryl homoisothreonine 18b in good yields (270 mg, 90 %) as a gum. 
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‘H NMR (CDCI3) a 7.25(m, 4H), 7.16 (d, J = 6 Hz, IH), 5.63 (dd, J = 10, 3 Hz, IH), 4.15 
(m, IH), 3.55 (s, 3H), 2.89 (dd, J = 11.3 Hz, IH), 2.23 (s, 1.5H), 2.08 (s, 1.5H), 1.26 (d, J 
= 6 Hz, 3H); IR (KBr) 3350, 3050, 1750, 1655, 1530, 1425 cm''. 


Synthesis of methyl-N-acetyl-p-(p-nltrophenyl)-homoisothreoninate (18c) 

Sodium borohydride (38 mg, 1 mmol) was added in portions to a solution of 14c (308 
mg, 1 mmol) in methanol (75 mL) with constant stirring at 0-5° C. After complete 
addition, the reaction was further stirred for 1.5 h. After completion of reaction (TLC), 
the reaction was quenched with a few drops of saturated aqueous solution of NH4CI and 
the solvent was evaporated in vacuo. The residue was taken in diethyl ether (15 mL), and 
the organic layer was washed successively with water (2X10 mL) and brine (1X10 mL). 
Drying (anhydrous NajSOJ and evaporation of solvent gave the crude product, which 
was purified by column chromatography (silica gel; EtOAc-Hexane) to afford the 
corresponding P-aryl homoisothreonine 18c in good yields (262 mg, 85 %) as gum. 

‘H NMR, CDCI3, 8, 8.17 (d, J = 9 Hz,2 H), 7.48 (d, J = 9 Hz, 2H), 7.38 (d, J = 8.8 Hz, 
IH), 5.63 (dd, J = 8 Hz & 5.5 Hz, IH), 3.85 (dq, J = 8 Hz & 2.5 Hz, IH), 3.65 (s, 3H), 
2.80 (dd, J = 6.25 Hz & 3 Hz, IH), 2.06 (s, 3H), 1.28 (d, J - 6.5 Hz, 3H); IR 3380, 
3050, 1740, 1715, 1675, 1530 cm"' 


Synthesis of niethyl-N-acetyl-p-(o-methylformyl-phenyl)- 
homoisothreoninate (18d) 

Sodium borohydride (38 mg, 1 mmol) was added in portions to a solution of 14h (320 
mg, 1 mmol) in methanol (75 mL) with constant stirring at 0-5° C. After complete 
addition, the reaction was further stirred for 1.5 h. After completion of reaction (TLC), 
the reaction was quenched with a few drops of saturated aqueous solution of NH4CI and 
the solvent was evaporated in vacuo. The residue was taken in diethyl ether (15 mL), and 
the organic layer was washed successively with water (2X10 mL) and brine (1X10 mL). 
Drying (anhydrous Na 2 S 04 ) and evaporation of solvent gave the crude product, which 
was purified by column chromatography (silica gel; EtOAc-Hexane) to afford the 
corresponding P-aryl homoisothreonine 18d in good yields (255 mg, 80 %)as a gum. 

'H NMR, CDCI3, 8 7.38 - 7.16 (m, 4H), 6.89 (d, J = 8 Hz, IH), 5.62 (dd, J = 8 Hz & 4.5 
Hz, IH), 3.98 (m, IH), 3.65 (s, 3H), 3.51 (s, 3H), 2.69 (dd, J = 10.2 Hz & 4.2 Hz, IH), 
2.00 (s, 3H), 1.33 (d, J = 6.6 Hz, 3H); IR 3400, 3280, 1720, 1650, 1535 cm’’ 


Synthesis of methyl-N-acetyl-p-(1-isobutyl)-homolsothreoninate (18e) 

Sodium borohydride (38 mg, 1 mmol) was added in portions to a solution of 14i (243 mg, 
1 mmol) in methanol (75 mL) with constant stirring at 0-5° C. After complete addition, 
the reaction was further stirred for 1.5 h. After completion of reaction (TLC), the reaction^ 
was quenched with a few drops of saturated aqueous solution of NH4CI and the solvent 
was evaporated in vacuo. The residue was taken in diethyl ether (15 mL), and the organic 
layer was washed successively with water (2X10 mL) and brine (1X10 mL). Drying 
(anhydrous Na 2 S 04 ) and evaporation of solvent gave the crude product, which was 
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purified by column chromatography (silica gel; EtOAc-Hexane) to afford the 
corresponding p-aryl homoisothreonine 18e in good yields (200 mg, 82 %) as a gum. 

•H NMR, CDCI3, 5 7.25 (d, J = 10 Hz, IH), 6.83 (dt, J = 10 Hz & 3.6 Hz, IH), 4.20 - 
3.87 (m, IH), 3.70 (s, 3H), 2.6 (dd, J = 13 Hz «& 9 Hz, IH), 2.0 (s, 3H),1.27 (d, J = 6 Hz, 
3H), 1.33 - 1.02 (m, 3H), 0.88 (d, J = 6 Hz, 6H); IR 3390, 1720, 1695, 1640. 


Synthesis of 2-hydroxy-3-methylformyl-4-acetamido-4-phenyl-butane (18f) 

Sodium borohydride (38 mg, 1 mmol) was added in portions to a solution of 16a (219 
mg, 1 mmol) in methanol (75 mL) with constant stirring at 0-5° C. After complete 
addition, the reaction was further stirred for 1.5 h. After completion of reaction (TLC), 
the reaction was quenched with a few drops of saturated aqueous solution of NH4CI and 
the solvent was evaporated in vacuo. The residue was taken in diethyl ether (15 mL), and 
the organic layer was washed successively with water (2X10 mL) and brine (1X10 mL). 
Drying (anhydrous Na 2 S 04 ) and evaporation of solvent gave the crude product, which 
was purified by column chromatography (silica gel; EtOAc-Hexane) to afford the 
corresponding p-aryl homoisothreonine 18f in good yields (80 %). 

‘H NMR, CDCI3, 5 7.58 (d, J = 9 Hz, IH), 7.37 - 7.05 (s, 5H), 4.69 (dd, J = 9 Hz & 7.5 
Hz, IH), 3.82 (dq, J = 15 Hz & 6 Hz, IH), 2.44 (s„ J = 7.5 Hz, IH), 1.92 (s, 3H), 1.09 (d, 
J = 9.5 Hz, 3H), 0.73 (d, J = 7.5 Hz, 3H) 


Synthesis of 3-(1-acetamido-1-benzyl)-4-methyl-g-lactone (18g) 

Sodium borohydride (38 mg, 1 mmol) was added in portions to a solution of 16j (275 
mg, 1 mmol) in methanol (75 mL) with constant stirring at 0-5° C. After complete 
addition, the reaction was further stirred for 1.5 h. After completion of reaction (TLC), 
the reaction was quenched with a few drops of saturated aqueous solution of NH4CI and 
the solvent was evaporated in vacuo. The residue was taken in diethyl ether (15 mL), and 
the organic layer was washed successively with water (2X10 mL) and brine (1X10 mL). 
Drying (anhy^ous Na 2 S 04 ) and evaporation of solvent gave the crude product, which 
was purified by column chromatography (silica gel; EtOAc-Hexane) to afford the 
corresponding P-aryl homoisothreonine derivative lactone 18g in moderate yields (180 
mg, 66%) as a gum. 

'H NMR, CDCI3, 5 7.55 (d, J = 7.5 Hz, IH), 7.41 - 7.07 (m, 5H), 5.39 (dd, J = 13.5 Hz & 
6 Hz,lH), 4.08 (q, J = 7.25 Hz, IH), 3.55 (d, J = 10 Hz, 2H), 2.91 (dd, J = 6.3 Hz & 2 Hz, 
IH), 2.03 (s, 3H), 1.22 (d, J = 7 Hz, 3H); IR 3290, 1790, 1765, 1735, 1370 cm'* 


Synthesis of p-phenyl-N-acetyl-homoisothreonine {19a) 

To a solution of 14a (263 mg, 1 mmol) in methanol (mL) was added a solution of KOH 
(57 mg, 1 mmol) in warm water (1 mL) and stirred for 4 h after which, an additional 
amount of KOH (28 mg, 0,5 mmol) was added and the reaction mixture was stirred for 
further Ih. The solvent was removed under vacuo and to the resulting residue was added 
dichloromethane (mL), followed by drop wise addition of IN HCl while. After complete 
acidification of the lithium salt, the organic layer was separated, dried and concentrated 
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imder vacuo to yield the carboxylic acid 19a as a hygroscopic deliquescent solid in 
moderate yields (105 mg, 42%). 

■H NMR, CDCI3, 5 8.00 (bs, IH), 7.22 (s, 5 H), 5.56 (dd, J = 15 Hz & 8.8 Hz, IH), 3.95 
(m, IH), 2.83 (dd, J = 10 Hz & 4.3 Hz, IH), 1.99 (s, 3H), 1.25 (d, J = 6.3 Hz, 3H). 


Synthesis of methyl-p-phenyl-homoisothreoninate hydrochloride (19b) 

To 14a (263 mg, 1 mmol) in a dry flask was added a 2N solution of HCl in methanol ( 6 
mL) and the contents of the flask were refluxed for 8h. The solvent was removed under 
vacuo and the resulting residue was washed with ether and dichloromethane. Drying of 
the resulting residue yielded 19b as a white hygroscopic solid (M.P. 62°C) in good yields 
(185 mg, 72%). 

'H NMR, CDCl 3 :DMSO-d 6 , 5 7.45 - 7.03 (m, 5H), 4.48 (bs, 2H), 3.95 (dq, J = 10.6 Hz & 
5.6 Hz,lH), 3.62 (m, IH), 3.59 (s, 3H), 2.96 (bs, IH), 2.8 (dd, J = 10.6 Hz & 4.4 Hz, IH), 
1.22 (d,J = 6.9 Hz, 3 H);IRv„3, 


Synthesis of p-phenyl-homolsothreonine (19c) 

To 14a (263 mg, 1 mmol) in a dry flask was added a 80% solution (v/v) of HCl in 
methanol (10 mL) and the contents of the flask were refluxed for 12 h. The solvent was 
removed under vacuo and the resulting residue was washed with ether and 
dichloromethane. The resulting solid was dried on a cellulose filter paper under vacuum 
until constant mass, to yield P-phenyl-homoisothreonine hydrochloride as a white solid 
(M.P.= 86 °C) in good yields (155 mg, 65 %). To a suspension of the resulting solid in 
methanol was added triethylamine (mL, mmol) drop wise and the contents were stirred 
for 15 min. Removal of solvent and washing of the resulting residue with water and 
drying in a vaccum dessicator for 10 h yielded the P-amino acid 19c as a white solid 
(M.P.= 156 - 158 °C) in good yields (93 mg, 60%). 

'H NMR, CDCl 3 :DMSO-d 6 , 5 7.35 -6.96 (m, 5H), 5.98 (bd, J = 8.8 Hz, 2H), 3.89 (dq, J = 
10.6 Hz & 5.6 Hz, IH), 2.98 (m, IH), 2.79 (m, IH), 1.22 (d, J = 6.25 Hz, 3H). 


Synthesis of nfiethyl-N-(methyloxycarbonyi)-p-phenyl-homoisothreoninate 
(20a) 

To an ice-cold solution of 19b (100 mg, 0.39 mmol) in THF (5 mL) was added 
triethylamine ( 0.12 mL, 0.85 mmol) and stirred for 10 min. To this was added 
methylchloroformate (38 mg, 0.39 mmol). After stirring for 1 h the contents of the flask 
were concentrated under vacuo and the resulting residue was taken in ethylacetate (10 
mL). The organic solution was washed with IN HCl (1X10 mL), water (2X10 mL) and 
brine (IX lOmL). The organic layer was dried (Na 2 S 04 ) and concentrated under vacuo 
and subjected to column chromatography to yield 20 a as a gum in good yields (89 mg, 
82%). 

■H NMR, CDCI 3 , 5 7.33- 7.11 (m, 5H), 6.49 (d, J = 8.8 Hz, IH), 5.19 (dd, J= 8 Hz & 8 
Hz, IH), 4.1 - 3.91 (m, IH), 3.61 (s, 3H), 3.48 (s, 3H), 2.78 (dd, J = 8.3 Hz & 2,5 Hz, 
lH),1.17(d,J = 6.6Hz,3H) 
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Synthesis of methyl-N-(benzoyl)-p-phenyl-homoisothreoninate (2bb) 

To an ice-cold solution of 19b (150 mg, 0.58 mmol) in THF (10 mL) was added 
triethylamine (0.18 mL, 1.28 mmol) and stirred for 10 min. To this was added 
benzoylchloride (81 mg, 0.58 mmol). After stirring for 2 h the contents of the flask were 
concentrated under vacuo and the resulting residue was taken in ethylacetate (15 mL). 
The organic solution was washed with IN HCl (1X10 mL), saturated solution of 
NaHC03 (2X10 mL), water (2X10 mL) and brine (IX lOmL). The organic layer was 
dried (Na2S04) and concentrated under vacuo and subjected to column chromatography 
(silicagel EtOAc.hexane) to yield 20b as a solid (M.P.= 104 -106°C) in good yields (135 
mg, 71 %). 

‘H NMR, CDCI3, 5 8.00 (dd, J = 7.5 Hz & 6.9 Hz, IH), 7.83 - 7.6 (m, 2H), 7.53 - 7.14 
(m, 8 H), 5.75 (dd, J = 7.5 Hz & 6.25 Hz, IH), 5.39 (bs, IH), 3.95 (dq, J = 6.25 Hz & 1.3 
Hz, IH), 3.61 (s, 3H), 2.84 (dd, J = 6.25 Hz & 2.5 Hz, IH), 1.20 (d, J = 6.1 Hz, 3H); IR 
(KBr) 3400, 3280, 3020, 1750, 1650 cm 


Synthesis of methyl-N-(cinnamoyl)-p-phenyl-homoisothreoninate (20c) 

To an ice-cold solution of 19b (150 mg, 0.58 mmol) in THF (10 mL) was added 
triethylamine (0.18 mL, 1.28 mmol) and stirred for 10 min. To this was added 
cinnamoylchloride (96 mg, 0.58 mmol). After stirring for 4 h the contents of the flask 
were concentrated under vacuo and the resulting residue was taken in ethylacetate (15 
mL). The organic solution was washed with IN HCl (1X10 mL), saturated solution of 
NaHC03 (2X10 mL), water (2X10 mL) and brine (IXlOmL). The organic layer was 
dried (NajSOJ and concentrated under vacuo and subjected to column chromatography 
(silicagel, EtOAc : hexane )to yield 20c as a solid (M.P. = 109 - 112 "C) in good yields 
(147 mg, 72 %). 

'H NMR, CDCI3, 5 7.61 (d, J =15 Hz, IH), 7.42 - 7.1 (m, IIH), 6.52 (d, J = 15 Hz, IH), 
5.58 (dd, J = 11.3 Hz & 6.9 Hz IH), 4.00 (dq, J = 12.5 Hz & 6.9 Hz, IH), 3.45 (s, 3H), 
2.97 (dd, J = 15 Hz & 7.5 Hz, IH), 1.16 (d, J = 6.3 Hz, 3H); IR 3380, 3300, 3220, 
2930, 1730, 1660, 1600 cm*' 


Synthesis of benzyl-N-acetyl-p-phenyl-homoisothreoninate (24) 

To a solution of 14a (263 mg, 1 mmol) in acetonitrile (5 mL) was added benzylalcohol 
(540 mg, 5 mmol) and anhydrous C0CI2 (3 mg) and the contents of the flask were 
refluxed for 12 h. The solvent was removed under vacuo and the resulting residue was 
taken in EtOAc and washed with water (2 X lOmL). The organic layer was separated, 
dried (Na2S04) and concentrated under vacuo and subjected to colmnchromatography to 
obtain the trans esterified product 24 in moderate yields (176 mg, 52 %) as a solid gum. 

*H NMR, CDCI3, 8 7.48 - 7.15 (m, 1 IH), 5.97 - 5.61 (m, IH), 4.72 (bs, 2H), 4.15 (d, J = 
4.5 Hz, IH), 2.26 (s, 3H), 2.04 (s, 3H); IR 3200, 3010, 2920, 1760, 1600, 1550. 
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Synthesis of 2-oxyacetyl-3-methylformyl-4-acetamido-4-phenyl-2-butanol 

( 21 ) 

To a solution of 18a (150 mg, 0.57 mmol) in DCM (5 mL) was added anhydrous zinc 
chloride (~ 15 mole %) and stirred for 15 minutes at 0°C, followed by addition of acetic 
anhydride (87 mg) (freshly distilled). After ‘A h, the reaction vessel was allowed to warm 
to room temperature and stirred for further 6 h. Water (5 mL) was added to it and stirred 
for further 15 min. after which CHjClj (15 mL) was added to it and the aqueous layer 
was separated. Washing the organic layer with saturated aqueous solution of NaHCOj 
(1X10 mL), water (1X10 mL) and water (1X10 mL); drying (NajSOJ and evaporation of 
solvent in vacuum yielded a residue, which was subjected to column chromatography 
(EtOAc : hexane) to yield the acetylated product 21 in good yields (212 mg, 69 %) as a 
gum. 

'H NMR, CDCI3, 5 7.50 - 7.08 (s, 5 HO, 6.53 (d, J = 8.8 Hz, IH), 5.45 (dd, J = 8.8 Hz & 
8 Hz, IH), 5.22 (q, J = 4.5 Hz, IH), 3.5 (s, 3h), 3.1 1 (dd, J = 10 Hz & 4.4 Hz, IH), 2.00 
(s, 3H), 1.85 (s, 3H), 0.7 (d, J = 6.5 Hz, 3H). 


Synthesis of 3-methylformyl-4-acetamldo-4-parachlorophenyl-2-butene (23) 

To an ice-cold solution of 18b (100 mg, 0.33 mmol) in CH 2 CI 2 (8 mL) was added 
pyridine (0.1 mL) followed by mesylchloride (57 mg, 0.5 mmol) and stirred at room 
temperature for 15 h. The reaction mixture was diluted with CH 2 CI 2 (20 mL) and the 
organic solution was washed with saturated aqueous solution of NaHCOj (2X10 mL), 
water (1X10 mL) and brine. Drying (Na 2 S 04 ) and evaporation of organic solvent under 
vacuo yielded the crude mesylated product 22 which was dissolved in dichloromethane 
(15 mL) and after addition of triethylamine (0.07 mL, 0.5 mmol) was set to reflux for 18 
h. Dilution witid CH 2 Cl 2 (15 mL) and washing the organic layer with water (2X10 mL) 
and brine (1X10 mL); drying it (Na 2 S 04 ) and concentration under vacuo yielded a 
residue, which was subject to column chromatography (EtOAc : hexane) to yield the 
required product 23 in good overall yield (38 mg, 47 %) as an oil. 

22 'H NMR, CDCI 3 , 5 7.38 - 7.00 (m, 5H), 5.15 (dd, J = 21 Hz & 9 Hz, IH), 4.12 (m, 
IH), 3.63 (s, 3H), 3.20 (dd, J = 8.8 Hz & 4.5 Hz, IH), 3.11 (s, 3H), 2.00 (s, 3H), 1.52 (d, 
J = 7.5 Hz, 3H) 

23 ‘H NMR, CDCI3, 8 7.32 - 6.98 (m, 5H), 5.37 (d, J = 6 Hz, IH), 4.61 (m, IH), 3.59 (s, 
3H), 2.13 (d, J = 6 Hz, 3H), 1.85 (s, 3H) 


Synthesis of compound 26 

To a solution of the acetamido ketone 16j (137 mg, 0.5 mmol) in methanol (4 mL) was 
added a solution of LiOH.H 20 (20 mg, 0.5 mmol) in water (1 mL) and the reaction 
mixture was allowed to stir for 4 h at ambient temperature. The solvent was removed and 
to die resulting residue was added, dilute (IN) HCl until complete acidification of the 
lithium carboxylate, formed firom 16j. The carboxylic acid was extracted in CH 2 CI 2 (15 
mL) and washed with water (2 X5 mL). The organic layer was dried (Na 2 S 04 ) and 
concentrated in vacuo to yield the crude corresponding carboxylic acid 25 as a solid 
(M.P. = 80-82 °C). The carboxylic acid 25 (102 mg, 0.37 mmol) was dissolved in THF (1 
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mL) and to it was added triethylamine (0.05 mL, 0.37 mmol) and the reaction vessel was 
cooled to -5 °C in an ice-salt bath. Methylchloroformate (0.03 mL, 0.37 mm ol) was 
added to it and stirred for 50 - 60 seconds, followed by the addition of a solution of 
methyl-L-tryrosinate hydrochloride (94 mg, 0.41 mmol) in DMSO (0.5 mL) and a 
solution of triethylamine (0.06 mL, 0.4 mL) in THF (1 mL). The reaction mixture was 
stirred for a further 3 h. Triethylamine hydrochloride was filtered off under suction on a 
sintered funnel and washed with THF. The solvent was evaporated from the filtrate under 
vacuo and the resulting residue was subjected to column chromatography (Silica gel - 
EtOAc:Hexane - 2:3) to yield the required peptidomimetic 26 in good yields (58 %) as a 
gum. 

'H NMR, CDCI 3 , 5 7.52 - 7.18 (m, 5H), 7.15 - 7.02 (m, 3H), 6.98 - 6.72 (m, 3H), 5.42 
(dd, J = 9.6 Hz & 3 Hz, IH), 4.72 - 4.4 (m, IH), 3.22 - 3.17 (m, IH), 3.00 (d, J = 6 Hz, 
2H), 2.52 (dd, J = 12 Hz & 6 Hz, IH), 1.96 (s, 3H), 1.87 (s, 3H); IR 3360 (br), 3300 
(s), 2920, 1775, 1660, 1435. 


Synthesis of methyl-N-acetyl-p-phenyl-homoisothreonine-L-(4-frans- 
hydroxy)-prolinate (27) 

To a solution of 19a (250 mg, 0.95 mmol) in dry dichloromethane (5 mL) was added 
triethylamine (0.15 mL, 1.05 mmol) and the reaction vessel was cooled to 0 °C. To this 
was added l-hydroxybenzatriazole (192 mg, 1.43 mmol), methyl-L-( 4 -tran 5 -hydroxy)- 
prolinate hydrochloride (172 mg, 1.43 mmol) and triethylamine (0.22 mL, 1.57 mmol) in 
succession and allowed to stir for 10 min. Then dicyclohexylcarbodiimide (DCC) (295 
mg, 1.43 mmol) was added to it at 0 °C and stirred at that temperature for 10 min. The 
reaction mixture was warmed to room temperature after 10 min. and stirred for 18 h. The 
reaction mixture was diluted with dichloromethane (20 mL) and washed with saturated 
aqueous solution of NaHCOj (2X10 mL), water (1X10 mL) and brine (1X10 mL). The 
organic layer was separated, dried (Na 2 S 04 ) and concentrated under vacuo and subjected 
to column chromatography to obtain the dipeptide isostere 27 in good yields (186 mg, 52 
%) as a gum. 

'H NMR 400 MHz, CDCI 3 5 7.58 (d, J = 7.8 Hz, IH), 7.40 - 7.23 (m, 5H), 4.66 - 4.62 (m, 
IH), 4.47 (t, J = 5.2 Hz, IH), 4.41 (bs, IH), 4.20 (bs, IH), 3.77 (s, 3H), 3.54 (d, J = 9 Hz, 
IH), 3.48 (t, J = 4.1 Hz, IH), 2.98 (d, J = 9 Hz, IH), 2.08 (s, 3H), 2.00 (d, J = 6.6 Hz, 
2H), 0.88 (t, J = 4.8 Hz, 3H); IR 3400 - 3300(br), 3330, 2980, 1775, 1665, 1550 cm 
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introduction to Irreversible Inhibitors 

A shadow has been cast on the promise of potent inhibitors for the HIV-PR now 
available by the finding that HIV becomes resistant to the inhibitors by evolving strains 
encoding protease variants that are resistant to the inhibitors/®^’*®'* Most of the reversible 
inhibitors that exist today have very fast dissociation rates, which indicate that the 
inhibitory activity could be maintained only by enough concentration of the inhibitor at 
the drug target site.*®^ In light of this development, one of the recent and widely 
appreciated approaches is the design of irreversible inhibitors of the enzyme. This is 
expected to be less susceptible to development of resistance by the protease, since 
irreversible binding of the ligand would lead to the "destruction" of secondary structure 
and hence the active site of the enzyme.*®®’*®’ Also, irreversible inhibitors would be more 
desirable in the aspect of the long time in vivo inhibitory efficacy which reversible 
inhibitors might not offer. For this, assistance from the reactive residues of the enzyme 
(protease) is essential. The most desirable amino acid residues for reaction with 
irreversible inhibitors, in HIV PR are its catalytic aspartate groups because mutations of 
these residues have been shown to suppress catal5dic activity of the enzyme. On the other 
hand, irreversible inhibitors are required to comprise of a reactive fimctionality, or a 
latent version of such fimctionality as part of a ligand framework for suitable interactions 
with the enzyme, leading to irreversible binding with it. 




Two dimensional model for the inactivation of HIV protease 
(right) based on the substrate hydrolysis mechanism (left) 

Figure-1 

The concerted general acid-general base catalysed mechanism for hydrolysis of the Phe- 
Pro peptide bond of substrates at the HIV PR active site has been discussed ® earlier. 
Meek er a/ made use of this concerted mechanism for the design of irreversible 


93 


Part A Section II 


Introduction to Irreversible Inhibitors 


inhibitors’’" of HIV PR. They reasoned that inactivation of the HIV PR is possible by the 
introduction of ligands (eg. epoxide) that can alkylate the Asp 25 and Aspjj' carboxyl 
groups at the active site (Figure- 1). This is especially a potentially useful approach for 
circumventing the evolution of HIV strains that are resistant to protease inhibitors. 
Realisation of this in an inhibitor would require functional groups in the ligand, which 
are labile towards the direct neucleophilic addition of unprotonated aspartic residue 
coupled with the aid of the protonated one.’^^ Meek et al demonstrated”" that 3-(4- 
nitro)phenoxy- 1,2-epoxypropane (EPNP) irreversibly inactivated the HIV-1 PR with a 
maximal inactivation rate, IQ^ of 0.004 min ’ and of 1 IpM. Since then, several groups 

have come up with the design of many peptide analogues, incorporating the epoxy 
isostere as irreversible inhibitors of HIV-PR. 


l>N/Os 

EPNP 1 


'NO2 


Figure-2 

Halopendol derivatives with a,p-unsaturated ketones in the flexible side chain have been 
shown to be irreversible inhibitors of HIV-PR.”^’ 


OH 



BPh = 3-phenylbenzene OH 

PFPh =/7-flurophenyl 


Structures of a, p-unsaturated ketone derivatives of haloperidol 

Figure-3 

It leamt however, that inactivation of HIV PR by the a,p-unaatumted ketones 
mvolved (a) ntodifioation of both subunits of the protease diuter rather flrau only one 
subumt; (b) bmduig of more Uran one molecule of the inhibitor to the protease monomer; 
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and (c) modification of the cysteine residues (Cys-67 and Cys-95) and to a small extent 
the N-terminal amino group rather than the catalytic aspartate group. 

Considering the presence of C 2 -symmetry in HIV-PR, a C 2 -symmetric irreversible 
inhibitor was designed*^^ and synthesized by mCPBA epoxidation of cis olefin. The 
epoxide served as the isostere for the Phe-Phe amide bond. Further studies showed that 
phenylalanine did not suit the P/ site. Lead optimization using molecular modeling, 
inhibitory and binding studies of the symmetric inhibitor, led to the discovery of a potent 
HIV-PR inhibitor 8, with high affinity and irreversibility (ICjo = 30 nM). 8 incorporates a 
cis epoxide as isostere at the Phe-Gly peptide bond. 

Ph Ph 



H o' H 


Bn = benzyl 5 



H "o H 



X 

Y 

Ki(nM) 

6 

0 

2-pyridyl 

11 

7 

NCHj 

2-pyridyl 

16 

8 

0 

phenyl 

0.1 

9 

0* 

phenyl 

4 


Structure and potency of Irreversible PSEUDO-C2-Symmttnc 
HIV-PR Inhibitors * P' site was cyclohexylalanine 

Figure-4 


Epoxides as Structure and Mechanism based inhibitors 



Proposed Mechanism for Hydrogen-bonding-assisted alkylation 
of the catalytic Aspartate group by 1,2-disubstituted epoxides 
HQgher reactivity of c/5- relative to traws- owing to steric effects 

Figures 

In a study of steric and energy factors'*® involved with the hydrogen-bonding-assisted 
alkylation of the catalytic aspartate groups by 1,2-disubstituted epoxides, cis epoxide has 
been proposed as a better mechanism based irreversible inhibitor of aspartyl proteases 
than the trans epoxide, due to its higher reactivity owing to steric factors. A model has 
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been presented for the alkylation mechanism (Figure-5), based on the results and finding 
of hydrolysis of epoxides by epoxide hydrolases.'**’ 

Based on this mechanism and the studies of haloperidol derivatives, potent structural 
analogues of haloperidol have been synthesized which showed inhibitory activity against 
HIV PR. 



Figure 6 


However, Taddei et al showed'®* (Figure-7) that trans epoxide is an efficient structural 
surrogate for a peptide bond. They propose the trans epoxide to be a structure-based 
transoid-hydroxy mimic that contributes to the transition state during the peptide 
cleavage by the protease.'®^ 

They have designed a "real" oxiranic peptidomimetic structure (13) where the three 
membered ring mimics the peptide bond inside the oligopeptidic frame; and propose that 
the tram oxirane could be more similar to the transoid hydroxy-mimic stracmre which 
contributes to the transition state during the peptide cleavage done by protease.-” 



Figure-7 


ey have reported a general synthetic route (Scheme-1) for the synthesis of 
ohgopepttdes containing a tram oxirane ring in plare of the peptide bond, prepared by 
oxrdative conversion of P-hydr„xyselenides obtained by Mukaiyama aldol type reaction 
0 N-protected- P-selenyl aldehydes derived from naturaUy occurring amino acids. 
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piCbz 



SePh 



OS{Me3 
OMe 




BFj.OEt, 
-780C, CH2C12 


NHCbzOH 



mCPBA -150C 
K 2 CO 3 MeOH 





Kim et al reported the high binding and inactivation of HIV PR by tripeptides containing 
cis epoxide as transition state isostere'*^ (Table- 1). 


Cbz-Phe(p[(R,S)-ct5-epoxide]Gly-Val ( 14 ) 

Ki (pM) = 1.32, Kin(min-1) = 1.48 

Qc-Asn-Phe(p[(R,S)-d5'-epoxide]Gly-Ile 

Ki(pM) = 0.018, Kin(min-1) = 0.22 ^ ^ 

Qc-Asn-Phe(p[(R,S)-cz5'-epoxide]Gly-NH-CH(isopropyl)2 

Ki(pM) = 0.001, Kin(min-1) = 0.20 ^ ^ 

Qc = 2-Quinolinecarbonyl 

Enzyme inhibition constants of various oxirane peptidomimit 

Table-1 

Novel irreversible inhibitors of HIV PR, containing sulfonamide and sulfone as amide 
bond isosteres have been designed and synthesized, based on the report of the potent 
irreversible inhibitor (17) by Lee et al.‘*^ 
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regio-selective intramolecular ring opening of epoxides^®®, it may be noted that epoxides 
are very versatile intermediates for organic synthesis. 

Epoxidation of an alkene containing one or more chiral centers can furnish 
predominantly one of the two possible diastereomeric epoxides, depending on the face 
from which the reagent approaches the tt-bond (Figure- 1 1). If the two faces of the rt-bond 
are unequally shielded, and if polar and 


C2-axis 



Phacial selectivity in alkenes containing directing groups 

Figure-11 

steroelectronic factors are also involved, the two expected diastereomers will not be 
formed to the same extent, thus resulting in diasterebselectivity. An inspection of the 
molecular model may often reveal the face of the alkene that is more shielded, especially 
when the alkene has a rigid structure. Several factors, like the fimctional group, catalyst, 
chirality of the substrate, etc., control the stereoselectivity of epoxidations. 

Substrate Directed Asymmetric Epoxidation 

Epoxidation of chiral allylsilanes (eg. 23) are known to be stereospecific (for example, 
see Ref.201) (Equation-1). 






The conformational preferences and stereoselective reactions of a number of macrocyclic 
systems have been studied. The stereochemical results have been explained on the basis 
of ftie model of local conformer control. Macrocycle containing a 1,5-diene system 
adopts a local conformation (Figure-12), which is free of torsional strain; epoxidation of 
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25 from the less hindered side furnishes the 5 ;/n-epoxide MCPBA epoxidation of 

tetra-methyllimonene 27 (unlike that of limonene) is regio- and stereo-selective^®^ 
(Equation-2) approach of the reagent from the p-face is blocked by pseudo axial 




methyl at the C-3 and the axial methyl at C-5 a feature absent in limonene. Similarly, the 
mCPBA epoxidation of the unsaturated macrocyclic lactone 29 is stereoselective 
(Equation-3). 



Equation-2 




Equation-3 
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Alkene 31 underwent carbamate-directed stereoselective epoxidation^^ (Equation-4). 
High stereoselectivity has been observed^“’“^ during epoxidation of the allylic alcohol 33 
(Equation-5) having a tri-substituted double bond and the allylic alcohol 35 (Equation-6) 
having a czx-disubstituted double bond. 



r2 oh 


mCPBAj 

80-92% 


r2 oh r2 oh 


o\j-y^7o ; 

6""’ O' 

(35) Major (36) 

Rl = (CH2)6C02Me, R2 = (CH2)5Me 



r1 


Equation-6 

The epoxidation of the cyclic allylic alcohol 37 was stereoselective^®* and took place 
from the face cis to hydroxy group (Equation 7). 



Equation-7 

Similarly, the primary allylic alcohol 39 underwent hydroxy-assisted epoxidation, with 
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high stereoselectivity^® from the less hindered side to furnish the epoxide 40 in 96% 
yield, when it was reacted with tritylhydroperoxideA^O(acac) 2 . (There was a decrease in 
stereoselectivity if TBHP was used instead of tritylhydroperoxide) (Equation-8). 

The acyclic homoallylic alcohol 41 was epoxidised regio- and stereo-selectively^'o 
(Equation-9). 



Equation-9 

Catalyst Directed Asymmetric Epoxidation 



Epoxy alcohols from asymmetric epoxidation of allylic alcohols 



OH 



81%,>97%ee 


Figure-13 


70%, >95% ee 


tirough r ch- ‘“Parts chirality to prochiial allylic alcohols 

ugh chaal complex fomred between 
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tartarate, t-butylhydroperoxide and the allylic alcohol. Compatibility of asymmetric 
epoxidation with sensitive functional groups like acetals, ketals and ethers has led to 
extensive use of allylic alcohols containing these groups in the synthesis of 
polyoxygenated natural products. Some examples have been presented.^"’ 



Equation-10 


The asymmetric epoxidation of an allylic alcohol in which the carbinol has been replaced 
by a silanol has been described in high enantiomeric excess.^’'^ 


Ph. 


Ph. 


(+)-DIPT 




Ti(OPri) 4 , TBHP 

u/ '^Me m/ ''Me 

49 50 


Epoxidation of allylic alcohols with the carbinol 
replaced by a silanol group 


Equation-ll 


Enantioselectivity in epoxidation of peptides 

Peptides are known to exist in semi-rigid secondary structures even in solution due to the 
partial double bond character of the amide C-N bond. The chirality of the aminoacid side 
chains has been used in several syntheses to lead to diastereoselective epoxidations. 
Epoxidation of the cis olefin 51 (Equation-12) with mCPBA gave the epoxide 52 as 
predominantly one diastereomer.^‘^’^‘*’^‘’ 

Ph 

77% -d- 52 

Equation-12 

Epoxidation of the olefins 53a, b was stereoselective to yield the expected diastereomers 

54a,b respectively and was directed by the chiral phenylalanine moiety. 
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Equation-13 

Predominantly threo-epoxy-malonate 56 was derived (Equation-14) from the cis-y.d. 
unsaturated precursor 55, the selectivity being directed by the chiral tyrosyl side chain.’'’ 



Stereochemshy of epoxidaUon can be solely directed by the stereochemishy of Are 
P W1 T “e with the unnatural D- 



Equation-15 
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Present Study 

The ability of HIV PR to synthesize resistant strains towards its existing reversible 
inhibitor ligands has kindled the idea and need for irreversible inhibitors. Oxiranes 
(epoxides) have been shown to possess just the right electronic requirements to serve our 
purpose in the design of irreversible inhibitors against aspartyl proteases. Trans epoxides 
serve as good structure based isosteres for the peptide bond. Hence incorporation of an 
epoxide moiety as part of a peptide framework has been the goal of several groups in 
recent past for the design and synthesis of potent irreversible inhibitors of aspartyl 
proteases, especially HIV PR. In this regard, we had earlier realized the potential of 
cinnamoyl group, as suitable N-protecting group for amino acids as a source for 
generation of oxirane containing Phe-Xaa peptides via its subsequent epoxidation 
(Figure- 1). 



Source of Oxirane Containing Phe-Xaa Peptides 

Figure-1 

As can be seen from the forgone review,^^‘ most of the potent pseudopeptidic inhibitors 
of HIV PR are "tripeptides" containing three natural or unnatural aminoacids. A 
tripeptide sequence seems to be the optimum chain length for best inhibitory activity at 
the protease active site. It has been well recorded as preliminary studies from our group 
that cobalt catalyses the epoxidation of electron deficient a,b-unsaturated carbonyl and 
phenyl systems, in excellent yields.^“ Several reports, for the synihesis of "bestatin" 
analogues and "pyrrolidine-containing" dipeptide isosteres, have been reported by us^^^ 
via the epoxidation pathway in the presence of polyaniline supported cobalt catalyst. We 
present below, our efforts and success in introducing irons oxiranes as part of tripeptide 
systems through polymer supported cobalt (II) salen catalysed epoxidation of N- 
cinnamoyl dipeptides. Extending the epoxidation protocol of polyaniline supported 
cobalt catalysed (especially by polyaniline supported cobalt salen - PASCO S) 
epoxidation of N-cinnamoyl-protected monopeptides, to the N-einnamoyl-protected 
dipeptides would result in generation of small-molecule-library of tripeptides. 
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incorporating the oxirane as part of the tripeptide. That the HIV PR is uniquely specific, 
unlike other mammalian endopeptidases, to the cleavage of Phe-Pro peptide bond A, is 
well recorded. Hence, the epoxidation of N-cinnamoyl-dipeptides containing the N- 
cinnamoyl-proline moiety would lead to the synthesis of small molecule library of 
tripeptides B, that contain an oxirane as isostere for irreversible binding with the target 
enzyme, adjacent to the scissile Phe-Pro amide bond (Figure-2). In general, the 
epoxidation of N-cinnamoyl-dipeptides containing the N-cinnamoyl-Xaa-Pro-moiety 
would lead to a small molecule library of tripeptides C, that contain an oxirane as 
isostere adjacent to the scissile Phe-Xaa amide bond (Figure-2), where Xaa is the amino 
acid of our choice. 



Phe-Pro Peptide Bond A, and the Oxirane Containing 
Peptidomimetic Tripeptide Systems B and C 

Figure-2 


PASCOS catalysed epoxidation of N-cinnamoyl dipeptides- 

Hence, using the epoxidation protocol in the presence of PASCOS and 2-methylpropanal 
in oxygen atmosphere, we have generated a library of small molecule tripeptides E, 
mcorporatmg the trans oxirane as structure based peptide isostere, from the 
corresponding N-cinnamoyl-dipeptides D (Scheme- 1). 


1 f 


'P ? f ^ 


R jj o % 


"Co (cat.)/ Ar' 
C3H7CHO/O2 




-Co(cat.) = Pofyanilme supported cobalt ( 11 ) salen 


R jg O R3 


General Methodology for the Synthesis of Small Molecule Tripeptides E 
Containing Trans Oxirane, From the N-cinnamoyl-dipeptide Systems D 


Scheme-1 
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The focus of our work as mentioned earlier was to mimic the Phe-Pro scissile amide 
bond, xmiquely cleaved by HIV PR; and in general the Phe-Xaa peptide linkage, for 
recognition at the protease active site. A cursory look into the primary sequence study of 
different cleavage sites showed that the most common aminoacids in the sequence, apart 
from Phe and Pro were Leu, He, Val and Asp. Since Proline is an essential residue, we set 
about the synthesis of these N-cinnamoy 1-dipeptide libraries, with proline as the z-i-l* 
amino acid residue (called the CPX peptide systems, 1) and with proline as the z+2* 
amino acid residue (called the CXP peptide systems, 2) from the cinnamoyl group (i* 
residue), where X is the amino acid residue of choice (Figxure-S). 


0 



The CPX Peptide Systems The CXP Peptide Systems 


Figure-3 

All these systems were synthesized via the mixed anhydride coupling procedure for the 
synthesis of peptides. 

Proline as the i+l*'* Aminoacid Residue from Cinnamoyl group; The CPX Peptide 
Systems- 



Scheme-2 

Ail the CPX peptide substrates were synthesized by the mixed anhydride coupling 
procedure, with methyl chloroformate as the C-terminal activating group from N- 
ciimamoyl-L-proline. L-Proline was N-cinnamoylated with stoichiometric ainount of 
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cinnamoylchloride and triethylamine in CH2CI2 / CH3CN, at 0 °C. Purification by 

acidification and subsequent diying of the resulting precipitate yielded N-cinnamoyl-L- 

proline in excellent yields. N-cinnamolylate-L-proline 3 was subjected to mixed 

anhydride coupling with appropriate methyl-L-amino ester hydrochlorides 4 in THF, in 

the presence of triethylamine at -5 to -10 °C to yield the corresponding methyl-N- 

cinnamoyl-(L)-proline-(L)-amino esters 5 in good yields after column chromatography 
(Scheme-2). 

° 9 0 O 


ii ^ 



JTJ IN \ 

^02Me 


Sb jj CXljMe 5c 'COjMe 

The CPX Peptide Systems 
Figure-4 

N-cmnamoyl-L-prolme was coupled with methyl -L-leucinate, -isoleueinate, -aspartate 
and -phenylalninate hydrochloride (4a-d) using the mixed anhydride coupUng procedure 
to get to the CPX peptides 5a-d (Figure- 4) respectively. 

Praline as the /+2«' Aminoadd Residue from Cinnamoyl Group: The CXP Peptide 
Systems- 


Ar' 


THF, -5 °C 
NEt3,-5°C- r.t 


Q R 


(ii) R 

002Me DMSO 
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p R 

(i) NEt 3 , ClCO^Me, THF, -5 °C 
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(ii) DMSO 
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Ar 


^CX>;Me — ^ R^OH.H:,^ 
MeOH : HjO 
( 4 : 1 ) 
ii, INHCl 


O 



MeOjC 


R'=H 

R'=OH I AczO.DMAP 
R' = OAc'^— ’ CH2CI2 


...'R' 


a, CH 2 CH(CH 3)2 At = P h 

h,CH(CH3)2 Ar=Ph MeOjC^ 

c, CH 2 Ph Ar=»i-chk)rophenvI 

d, CH2PhAr=Ph 

General Synthesis of The CXP Peptide Systo 
Scheme-3 

oyl-L-Xaa 

hydmchlorideTh ' ™*>'>-L-Prolinate 

oice. usmg methylchloroformate as the C-tenninal activating group. 


108 



Part A Section II 


Oxirane Containing Tripeptides: Present Study 


In general, the CXP peptide systems were synthesized as shown in Scheme-3. Typically, 
cinnamic acid (or meto-chlorocinnamic acid) was converted to the corresponding 
activated mixed anhydride in THF, with methylchloroformate and triethylamine at -5 °C. 
Addition of the methyl-aminoester hydrochloride 6 of choice - dissolved in DMSO - 
followed by triethylamine, yielded the N-cinnamoyl aminoesters 7 in good yields after 
column chromatography. Base hydrolysis of the N-protected aminoesters with 
lithiumhydroxide and its subsequent acidification with IN HCl gave the corresponding 
carboxylicacids 8 in near quantitative yields, which were coupled with methyl-L- 
prolinate hydrochloride or methyl-(L)-hydroxy prolinate hydrochloride as mentioned 
above via mixed anhydride coupling procedure with methylchloroformate as the C- 
terminal activating group, to yield the corresponding N-cinnamoyl-dipeptides 9 after 
column chromatography (Scheme-3). The acetylated hydroxyproline derivatives were 
synthesized by acetylation of the hydroxyproline derived N-cinnamoyl-dipeptides in 
dichloromethane with acetic anhydride in the presence of DMAP and triethylamine in 
appreciable yields. 

Thus, the CXP systems (Figure-5) 9a-f namely methyl-N-cinnamoyl-L-leucine-L- 
prolinate, methyl- N-cinnamoyl- L-leucme-(4-rran5-oxyacetyl)-L-prolinate, methyl-N- 
cinnamoyl-L-valine-L-prolinate, methyl-N-cinnamoyl-L-valine-(4-/ran5-oxyacetyl)-L- 
prolinate, methyl-N-cinnamoyl-L-valine-(4-rram’-hydroxy)-L-prolinate and methyl-N- 
(weto-chlorocinnamoyO-L-phenylalanine-L-prolinate, were synthesized by the abov( 
procedure in good yields. Synthesis of 9f was achieved by using meta-chlorocinnami( 
acid instead of cinnamic acid for N-protection of methyl-L-phenylalaninate. 



Ar = Tweto-chlorophenyl 

The CXP Peptide Systems 
Figure-5 
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In general, the yields of CPX systems were observed to be better than the yields of CXP 
systems. Methylchloroformate may not be best of choices for the activation of carboxyl 
group during coupling. The reaction suffers in general from the formation of small to 
reasonable proportions (~5-15%) of the corresponding methyl esters from carboxylic 
acids, apart from the coupled peptide, which need to be column chromatographed. 
However, we justified the choice of methylchloroformate for activating the carboxylic 
acid during coupling due to its easy availability and cost, which is much lesser than that 
of some of the other related coupling reagents. In general, it was observed that yields of 
formation of peptides could be bettered and kept high on maintaining the reaction 
temperatures strictly below -10 to -5 °C. Using other coupling reagents, like 
isobutylchloroformate, DCC/HOBT etc., could also increase the yield of coupling 
reactions but these are expensive. 

Epoxidation of CPX and CXP Systems in the Presence of PASCOS- 
The CPX and CXP systems thus synthesized were subject to epoxidation in acetonitrile 
in the presence of cataljdic amounts (~5 - lOmg) of polyaniline supported cobalt (II) 
salen and 2-methylpropanal in oxygen atmosphere. Typically, N-cinnamoyl-dipeptide 
was dissolved in acetonitrile and PASCOS was added to it, followed by the addition of 2- 
3 equivalents of freshly distilled 2-methylpropanal. The reaction mixture was flushed 
with oxygen through an oxygen-containing balloon and the contents were allowed to stir 
for 10-12 h under oxygen atmosphere at ambient temperature. After which, a second lot 
of 2-3 equivalents of the 2-methylpropanal and the catalyst were added. At the end of 
reaction (TLC), filtration of the catalyst on a filter paper and base workup of the 
concentrated residue, followed by water and brine wash resulted in excellent yields (80- 
90%) of the crude epoxides in high purity (~95-100% - HPLC). 



2-methylpropanal 


OCH3 


PASCOS, O2 
CH3CN 


Scheme-4 



General Scheme For The PASCOS Catalyzed Epoxidation Of CPX Systems 
Along with the epoxides, we observed the formation of very minor traces (~5 %) of high 
polar impurities, which were spanngly soluble in organic solvents like 
carbontetrachloride, ethylacetate and dichloromethane. No efforts were made to purify or 
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characterise these dark coloured side products. However, it is our assumption that these 
could be oligopeptides, formed by poljntneiization during the epoxidation reactions. 



General Scheme For The PASCOS Catalyzed Epoxidation Of CXP Systems 


Table-1: PASCOS Catalysed Epoxidation of CPX Peptide Systems 



In almost all cases, the color of the reaction mixture turned from colorless in the 
beginning, to reddish brown after 6-8 h, and finally to pale yellow color at the completion 
of reaction. Although this change in color was not taken for confirmation of the 
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completion of reaction, in most cases than not, this was an indication for the formation of 
required epoxide in near complete proportions. 


Glass TLC plates were used and found to be good enough to monitor the reaction 
proceedings. TLC of the epoxidation reactions were visualized either in iodine chamber 
or under U.V. light. In general, N-cinnamoylHiipeptides showed up as very bright spots 
under U.V. light even at very low concentrations; on the other hand, spots of pure 
epoxides were hardly visible under U.V. light (254 nm). Completion of reactions were 
thus, best detected by visualizing under U.V. light, with fluorescent silica gel as the 
unmobile phase. The R, values of epoxides of CPX peptide systems on TLC plates coated 
with sihcagel G were lower than that of their corresponding olefins (TLC - slicagel G; 
solvent - EtOAciHexane - 2:3 / 1 : 1). On the other hand, in the case of epoxidation of aU 
the CXP systems, the R, values of epoxides were higher than that of their olefinic 
precureors (TLC - slicagel O; solvent -EtOAciHexane - 2:3 / 4: 1). 

The optunum temperature for best performances of these epoxidation reactions was 
found to be between 25 - 35” C. At temperatures below this range (<~20” C), fiustratingly 
long reaction times of up to 50 - 60 h wem needed for the compleHon of reaction along 
with the need for more catalyst and the aldehyde. However, time was not the problem on 
exceeding the tempeiature range. Yields of epoxidation were observed to be lower than 
otherwise, at higher temperatures (>-40 "C) than the mentioned range. Also, the reaction 
mixture was messed with significant amounts of high polar impurities. The purity of 
heterogeneous catalyst was very important. The polymer bound catalyst must be washed 
sufficiently with acettonilrile until the wash was colorless and dried well before use 
(please refer to the general procedure for the synthesis of PASCOS catalyst). Presence of 
traces of unwashed impurities in the catalyst completely inhibited the formation of 
epoxides. In general, ~ 5-6 equivalents of isobutyraldehyde was needed for the 
complenon of reaction. Addition of isobutyraldehyde was best done in two lots of 2-3 
eqmvalents each. Addition of the aldehyde in other proportions was less effective 
Addinon of greater equivalents led to the formation of visible proportions of side 
prints, which were mostly opened products of epoxide by isobutyric acid. Almost aU 
substrates underwent complete epoxidations in identical times at the optimum 
ternperamre range. Epoxidations best occurred at a reaction scale of 34 mmoles (-1-1.2 

gm) beyond which, conversions were 


112 



Part A Section II 


Oxirane Containing Tripeptides; Present Study 



113 




Part A Section II 


Oxirane Containing Tripeptides: Present Study 
reaction-conditions the epoxidation of N-cinnamoyl-dipeptides proceeded smoothly to 
complete conversion in 20 - 24 h to the corresponding epoxides, in excellent yields. 

Thus the epoxidation of the CPX peptide substrates (Figure-4) viz-a-viz Methyl-N- 
cinnamoyl-L-proline-L-leucinate, -L-isoleucinate, -L-aspartate and -L-phenylalaninate 
proceeded smoothly to provide the corresponding epoxides in excellent yields (Table- 1) 
Similarly, epoxidation of the CXP peptide substrates (Figure-5) viz-a-viz methyl-N- 

cinnamoyl-L-leucine-L-prolinate, methyl-N-cinnamoyl-L-leucine-(4-tra«j'-oxyacetyl)-L- 
prolinate, methyl-N-cinnamoyl-L-valine-L-prolinate, methyl-N-cinnamoyl-L-valine-( 4 - 
rra«j'-oxyacetyl)-L-prolinate, niethyl-N-cinnamoyl-L-valme-(4-r?*n:n5’-hydroxy)-L- 
prolinate and methyl-N-(meto-chlorocinnamoyl)-L-phenylalanine-L-prolinate proceeded 
smoothly to provide the corresponding epoxides in good yields (Table-2). In general, the 
epoxidation reactions on CPX systems needed shorter reaction times (~18-20 h) for 
complete conversion of the olefmic precursors than the CXP systems (-20-25 h). 
However, the yields of epoxidation of hydroxyl-unprotected N-cinnamoyl dipeptide was 
significantly lower than normally observed for the other systems. 

N-cinnamoyl dipeptides with amino acid residues bearing hydroxy side chains in i+1 & 
1+2 (Figure-6) positions from the cinnamoyl group were synthesized by the mixed 
anhydride coupling protocol. Owing to poor solubility in acetonitrile, tyrosine and serine 

contaimng N-cinnamoyl-dipeptides, did not undergo conversion to the corresponding 
epoxides, in these conditions. 



Thm, the N-oimamoyl dipeptides ntethyl.N.cinnamoyl-(L)-phepylalanine-(L)-seri„ate 
and Methyl-N-cinnamoyl-(L)-valme-(L).tryosmate failed to get epoxidised in the above 
condittons dne to poor soInbiUty. Similar was the case with N-cinn^noyl-tyrosinate and 
the corresponding allyl ether. 

However, we found that hydroxyl protected N^cinnamoyl-L-tytocinate, underwent 
epoxtdatton. to the corresponding epoxide, in good yields. Thus, N-cinnamoyl-tyrosinate 
was synthesised from cinnamio acid and tyrosine methylester hydrochloride, using the 
nuxed anhydnde procedure, as described for the earlier cases. 0-a^lation was effected 
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)y reacting the peptide with acetic anhydride in dichloromethane, in the presence of 
DMAP; and O-crotonoylation, by the reaction with crotonoyl chloride and triethylamine, 
n dichloromethane in the presence of DMAP at 0 °C. Subjection of methyl-N- 
:innamoyl-(0-acetyl)-L-tyrosmate and methyl-N-cinnamoyl-(0-crotonoyl)-L-tyrosinate 
o epoxidation conditions as above in the presence of PASCOS, yielded the 
jorresponding epoxides in moderate yields. 



Figure-6 Ac = acetyl, Cro = crotonoyl 

rhus, we have synthesized a library of small molecule N-cinnamoyl pyrrolidine 



Proposed Mechanism of Action of Epoxide containing tripeptide 
Isosteres (19), based on the model proposed by Meek et al. (18) 


Figure-7 
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containing tripeptides, incorporating the trans epoxide, as peptidomimics for recognition 
at the HIV PR active site. We propose that these epoxides could be good leads as 
irreversible inhibitors of aspartyl proteases, based on the model proposed by Meek et al. 
We propose that the carbonyl of the P/ residue might just be conveniently placed to 
displace the flap water molecule at the HIV PR active site and as a result suitably place 
the epoxy group between the active-site aspartate carboxyl groups for alkylation, leading 
to irreversible binding with the protease (Figure-7). 

Facial Selective Epoxidation 

The presence of a polymer bound catalyst and chiral centers (at least two) in the a,P- 
unsaturated substrates (N-cinnamoyl-dipeptides) can be expected to impart facial 
selectivity during the epoxidation of these substrates. The high rotation values for most 
of the epoxides of CPX systems complimented this thought. Whereas the rotation of the 
epoxide of methyl-N-cinnamoyl-L-leucinate, -L-phenylalaninate or -L-isoleucinate, 
synthesized in the presence of PASCOS was quite close to none, the epoxide of methyl- 
N-cinnamoyl-L-prolinate showed a rotation of -58° (CH 2 CI 2 , C=0.001) synthesized via 


O R 


20 H 0 


PASCOS 
► 

2 -methylpropanal 

O2, CH3CN 


R= a, 1-isobutyl; h, 2-butyt c, ben^l Scheme-7 



(3S,2R):(3R,2S)=~1:1 



PASCOS 

2-methylpropanal 
O2, CH3CN 

Scheme-8 



(3S,2R):(3R,2S) = ~ 59:41 


the PASCOS catalysed protocol. Hence, we reasoned that proline effected a facial bias on 
the cinnamoyl double bond during its epoxidation. There were two doublets 
corresponding to each of the epoxy methine proton signals of 21, but the presence of two 
pairs of doublets for each of the epoxy methines in the 'H NMR 
(6 4.14, 4.08, 3.99 & 3.97 - P-methine), in the ratio of ~3:2, in the case of 23 intrigued us. 
In order to ascertain whether this was due to the known modes of cis- and trans- 
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conformational existence of proline for each of the two possible diastereomers of 
epoxide, we synthesized (Scheme-9) the methyl- (2R,3S)-epoxy-ciimamoyl-L-prolinate 
fi:om (2R,3S)-phenylglycidic acid, synthesized by RuClj catalysed oxidation of the 
(2S,3S)-epoxide of trara-cinnamyl alcohol ([ajo^ = -49; C=0.002, CHjCy (88% e.e.) 
which was S 3 mthesized hy the Sharpless epoxidation procedure in the presence of natural 
(+)-DET and t-butyl hydroperoxide under Sharpless epoxidation conditions.^^^ Thus, 3- 
phenyl-(2S,3S)-epoxy- 1-propanol was oxidised to the corresponding (2R,3S)-glycidic 
acid in the presence of RuClj-XHjO and NaI 04 .“'* The glycidic acid was coupled with 
methyl-L-prolinate hydrochloride by the mixed anhydride procedure in THF - DMSO 
with isobutyl chloroformate as the carboxyl activating group to obtain the methyl- 
(2R,3S)-(3-phenylglycyl)-L-prolinate ([ajo^ = -203, C=0.002) (88% e.e., determined 
with respect to the starting optically pure epoxy alcohol 24). The presence of a single pair 
of epoxy-methine (5 4.07 & 3.99) doublets for each of the methine hydrogens in the 
NMR proved that the observed pairs of doublets in the polyaniline supported cobalt 
catalysed epoxidation product was due to the presence of two diastereomers. However, 
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NEt3,DMSO,-5OC-0OC 

Scheme-9 


26 

Methyl-(3S,2R)-N-Glycidyl-Prolinate 


presence of a pair and not one single doublet for each epoxy methines suggested that 
they could be because of the cis, trans modes of conformational existence of proline. The 
signs of rotation of the pure (2R,3S) epoxy compound, synthesized through the Sharpless 
epoxidation protocol and that of the mixture of diastereomers, synthesized using the 
PASCOS catalysed protocol was the same (negative). Implying that the epoxidation had 
occurred stereoselectively but with a low e.e (e.e.'^lO), in the presence of PASCOS. 

Among the tripeptides, the epoxide of N-cinnamoyl-Pro-Leu was fotmd to have a high 
value of rotation. The *H NMR of this compound also showed two pairs of doublets for 
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each of the epoxy methines. These pairs were in the ratio 4: 1 which, we assumed, could 
be the diastereomeric ratio; and within each pair, the ratio of the two doublets in each 
case was ~3:1 which, we reasoned, could be due to the existence of proline in cis and 
irons conformations. We wished to confirm this reasoning, by synthesizing the optically 
pure (3S,2R) epoxide of methyl-N-cinnamoyl-L-pro-L-leucinate. Thus, we synthesized 
this epoxide by the Sharpless epoxidation protocol, as described earlier (Scheme- 10 ). 



(+)DEr,Ti(OiPr )4 

CH 2 Q 2 , MoL Sieves 
-200 C 



96 % e.e. 


RugyH^O.NalO^ 

NaHOOj 

H20:CCl4:CH3CN 



i, aC02(f-Bu),NEt3, 

-50 C, THF 

ii, HCI.Pro.Leu.OMe 
NEt3,DMSO,-5OC-0OC 



Scheme-10 Synthesis ofMethyl-(3S,2R)-Glycidyl-Pro.Leucinate 


The (2S,3S)-epoxyalcohol was synthesized fi-om traw-cinnamyl alcohol by following 
Shaipless epoxidation protocol.^^^ Oxidation of the epoxyalcohol in presence of 
RUCI 3 JHjO and NaI 04 ^^‘‘ gave the corresponding carboxylic acid. Coupling of the 
glycidic acid with Methyl-L-proline-L-leucinate hydrochloride by the mixed anhydride 
procedure with isobutylchloroformate as the carboxyl activating group gave the optically 
pure Methyl-N-(2R,3S)glycyl-L-proline-L-leucinate ([aj^^ = -191, C = 0 . 010 , CHjCy 


Me 02 C 



o 0 

gC02Me^ MeO'^N^^ f»OH-H20^ MeO"^ 


NEt 3 

(PC 




Me() 2 C 

28 




Me0H:H,0 


MeOH 


30 



i, a002Me,NEt3 
THF, -50 C 

ii, HaLeu.OMe 
DMSO,-50C-r.t. 


OOjMe 


Scheme-10 


T\ H 31 

Ha.Pro-Leu-OMe 


p esence of a single pair of doublets for each of the epoxy methines in the ‘H NMR 
of the diastereomerically pure (96 ee) epoxy tripeptide, corresponding to the mtgor 

pair of doublets m the epoxide synthesised by the PASCOS protocol, and the similar 
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signs of rotation for both the epoxides, implied that the PASCOS catalyzed epoxide was 
formed predominantly as the (3S,2R) diastereomer. However, presence of a pair of 
(again!) and not a single doublet corresponding to each of the epoxy methines meant that 
the peptide existed distinctly in two different conformers - probably the cis and the trans 
conformers which are well recorded among proline containing systems.^^^'^^’ To 
substantiate this reasoning that the observed pair of doublets were due to the existence of 
proline in two distinct conformers, we subjected the epoxides synthesised by the 
Sharpless and the PASCOS protocols to NMR studies in solvents of different 
polarities (Figure- 10). It is known that change in solvent polarities lead to change in the 
conformational population of compounds, especially in the case of peptides. Hence, to a 
sample of each of the epoxides in CDCI3 was added (€03)280 in steps of 0.05 mL and 
the ‘H NMR spectrum was recorded for each of the s^ples. The change in ratio of the 
pairs of doublets (for the epoxy methine proton) on addition of (CD3)2SO, indicated 
indeed, that the observed pair of signals corresponded to two distinct conformers 
(probably the cis and trans conformers) of the peptide which were in distinct populations 
in different solvent mixtures. In solution, each diastereomer seems to equilibrate into the 
cis and trans conformers. 

Substrate Directed Facial Selectivity 



Expected y-Tum Induced Hydrogei 
Bond in CPX Peptides 
Figure-8 

We had initially assumed that the observed facial selectivities during epoxidation of CPX 
systems could be arising due to a semi-rigidified secondary structure of the peptide 
system, induced by a y-tum hydrogen bond, between the carbonyl of the cinnamoyl group 
and the amide NH of the i+2* amino acid residue. However, NMR studies on the CPX 
systems at different solvent polarities showed the absence of such a hydrogen bonding 
interaction. 
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energy conformers of these CPX peptide systems (energy 


minimizations were achieved with the help of Hyperchem Computer modelling software 


optimized with MM, optimized with MM''), revealed that the amino acid X of the CPX 
systems were suitably placed to cloud one face of the cinnamoyl double bond, by virtue 
of the prolme moiety. The cinnamoyl group preferred to adopt a cw-corformation with its 
carbonyl facing away from the proline residue and the cinnamoyl double bond preferred 


a cwo/ii-conformation, with respect to the cinnamoyl carbonyl (Figure-9). The free 
energy of CPX peptides with the proline adopting a trans conformation was found to be 
higher than that for the cis conformer, by an order of ~4-5 kcal/mol, determined by 
Hyperchem energy minimization studies. 


cisoid- geometiy of 
cinnamoyldouble bond q 

\ 


Figure-9 



CSnnamoyl carbonyl facing 
away fiomthe Proline residue 


All these stmctural elements, seem to induce the observed fecial bias during the 
epoxidation of the cinnamoyl double bond of CPX systems, in the presence of PASCOS 

catalyst. This fecial bias resulted in the formation of (3S,2R).glycidate-peptides, in high 

diastereomeric purity (^^8 : 1). 

However, similar fecial-selectivities were not observed for the epoxidation of CXP 
systems, which was reflected in their low rotation values and in the appearance of two 
pairs of doublets for epoxy methiue protons in equal ratios, in their 'H NMR spectra 
nspectmg the minimum energy conformers of the CXP peptide substrates using the 
Hyperchem molecular modelling package reveled feat rhe secondary strucferes adopted 

(FC-ur”' 

The epoxide flom methyl-N-cinnamoyl-L-leucinate synthesized through the PASCOS 
catdys^ ppol, Showed near-zero rofeHon and pairs of doublets for the epoxy 
mefemes. Of equal intensities. Similar was fee case wife fee epoxide flom mefeiN- 

acl“ 

amoyl-L-leucme<4-,mns-oxyacetyl>L-prolinate, was quite high! An 
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examination of the minimum energy conformation of the latter peptide revealed that the 
observed facial bias was due to the presence of oxyacetyl group on proline, which was 
suitably placed to cloud the cinnamoyl double bond, inducing facial bias - a feature 
absent among other CXP systems. 

Conclusion 

Thus, we have developed a highly efficient and cost effective methodology for the 
synthesis of tripeptides, incorporating trans oxirane adjacent to the scissile peptide bond, 
as elements for irreversible binding with protease active site. We have observed that N- 
cinnamoyl-Proline containing peptides undergo epoxidation in the presence of PASCOS 
and 2-methylpropanal to yield the corresponding epoxides in high diastereomeric ratios 
and yields. The stereochemistry of the predominant epoxide diastereomer has been 
determined by chemical correlation, to be (3S,2R)-3-phenyl-glycidyl-peptide. These 
peptides seem to exist in two distinct, cis and trans conformers. Molecular modelling 
studies on the olefinic precursors suggested the effect of proline in positioning the second 
amino acid residue (from the cinnamoyl group) so as to create the observed facial bias on 
the cinnamoyl double bond. 
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Introduction to Statine Analogues 

An increasingly popular approach to the development of therapeutic agents involves the 
design of compounds that closely mimic natural peptide hormones or substrates. 
Generally this entails reducing the natural peptide to a minimall y required size and 
replacing normal amino acids and peptide regions with synthetic analogues that confer 
desired properties such as enhanced binding, hydrolytic stability or antagonism versus 
agonism.^* Recent works^^^'^^® have shown that peptides in which the scissile bond is 
replaced by a transition-state analogue provide a useful starting point in the design of 
tight-binding inhibitors of the HIV-PR. 

New non-standard aminoacids, which might serve to replace normal amino acids are 
often synthesized or discovered (in natural products). Such compounds offer possible 
therapeutic utility. Luzopeptin, a dimeric cyclic depsipeptide is a natural product that 
interacts with DNA and plays a role in its activity. It contains two imique aminoacid 
constituents.^® One is a quinoline (1) and the other is 2(s)-carboxy-3(s)-hydroxy-2,3,4,5- 
tetrahydropyridazine ( 2 ). 


o 0 CH 3 o 0 CH 3 „ . T 

.AA0CH3 

+ o 

(a) LiN(Si(CH3)3)2. THF, (b) (i) H2NNH2, H2O2; (ii) CF3CO2H, H2O 
Total synthesis of 3(S)-Carboxy-4(S)-hydroxy-2,3,4,5-tetrahydropyridazin 

Scheme-1 


Unnatural p-amino acid statine and its analogues, like isostatine and dolaisoleucine, have 
been known to impart high binding potencies to peptide systems of which they form a 
part, through hydrogen bonding interactions between their hydroxyl functional group and 
the aspartyl groups of aspartyl proteases. 


OH 

( 3 S, 4 R)- statine ( 3 S, 4 R, 5 S) - isostatine ( 3 S, 4 S, 5 R) - dolaisoleucine 

Figure-l 

Design of isostructural statine analogues for the synthesis of HIV PR inhibitors have 
required the replacement of the isobutyl and 2 -butyl side chain groups with larger 
aromatic and cyclohexyl groups, for positive complimentary binding with hydrophobic 
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pockets at the enzyme active site. Several imnatural statine acid derivatives, 
incorporating required isosteres to serve as appropriate peptidomimetics for inhibition of 
HIV-PR have been reported. The most notable among them being the AHPBA (allo- 
phenylnorstatine) amino acid 



Allophenyl 

norstatine 



— s 

.1 


"CO-NH 
5-IsoquinyIoxyacetyl 


CO-NH‘ 


Methylthio 

alanine 

(Mta) 



Figure-2 


KNI-272 


(Thz) 


((2S,3S)-3-amino-2-hydroxy-4-phenylbutyric acid), designed by Kiso et al, incorporating 


the a-hydroxycarbonyl isostere as transition state peptidomimic of the Phe-Pro scissile 
site in HIV PR substrate.^®’^‘‘®’^'“ Incorporation of AHPBA into -Asn-Phe-Pro- peptide 
and further lead optimizations on the tripeptide have led to the discovery of kinostatin- 


272 and -227, two HIVl-PR inhibitors of picomolar potency. 

AHPPA ((3S,4S)-4-amino-3hydroxy-5-phenylpentanoic acid) is a homologue of AHPBA 


and has also been found to lead to potent HTVl-PR inhibitors when incorporated as part 
of tripeptide systems.^'^^’^'*^ 




Modifications of phenyl to cyclohexyl substituent in AHPBA 



and AHPPA and further 
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homologations have led to the design of yet another class of such statine acids. ACHPA 

((3S,4S)-4-amino-3-hydroxy-5-cyclohexylpentanoic acid) and ACHBA ((3S,4S)^- 
amino-3-hydroxy-4cyclohexylbntanoic acid). Novel high potent inhibitors havl been 
reported incorporating these amino acids (Figure-4, 5). 



OMe 


One of the most potent HIVl.PR inhibitors to-date, already in its advanced stage of 
clmical tnals for this cause, Ro 31-8959 (Fignre-6) incorporates in itself, the reduced 

versron ((2R,3S)-l,3-dtammo-2-hydroxy-4phenylbutane) of AHPBA as a Phe-Pro 
peptidomimic.^'^ 



All the statine acid analogues are based on the transition state mimicry of amide 

hydrolysis (Figure-7) by an aspartyl protease. 



o' 


o 

Asp 





-o 


Asp 



Enzyme reaction mechanism of fflV PR at the Phe-Pro Scissile amide bond site 

Figure-7 
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The hydrogen bonds between the aspartic acid carbonyl groups of protease and the 
hydroxyl groups of the substrate transition state are significant and hence incorporated in 
the design of these high-binding inhibitors/'*’’ 

There is a need, thus, for synthetic methodologies than can generate these statine 
analogues individually, or as part of peptide systems, for the design of potent HIV PR 
inhibitors. Quite a few methodologies exist, for the sjmthesis of hydroxyethylamine 
derivatives. Some of the most attractive and applicable of them are presented below. 

In an extension of the cis dihydroxylation of alkenes with osmium tetroxide. Sharpless 
has developed a series of reactions,^'*^'^'*® in which an osmium imine species is added to an 
alkene, forming a cyclic amide ester, which on reductive work-up gives a cw-amino 
alcohol or its derivative. The nitrogen is delivered to the least substituted end of the C=C 
bond. It has been recommended that the imine be complexed with quinuclidine (Scheme- 


^ CHoCb, or pentane ^ , 

OSO 4 + ButNH, — ► ( 0 =) 30 s=NBut 



+ 

OMe 




200 c, 30 min, >90% 


in DME, 200 c, Ih 



,OMe 


Two related procedures employing osmium in catalytic quantities and providing a 
removable nitrogen substituent, have been developed.^'*’’^'** Scheme-3 represents a 
procedure suitable for mono- and 1,2-di-substituted alkenes.^'*’ 


TsNClNa + 



+ 


i, 1 % OSO4, CHCI3/H2O, PhCH2NEt3 Cl, 10 h 


ii, aq. Na 2 S 03 , reflux, 3 h 

Scheme-3 

Scheme-4 is suitable for 1,1 -di- and tri-substituted alkenes;^'*’ 


74-81% 


'NHTs 


TsNClNa + 



i, 1% OSO 4 , ButOH, 600 C, 20 h 

^ 

ii,aq.NaBH 4 , 20 OC, Ih 

Scheme-4 


OH 



NHTs 


Scheme-5 is applicable to mono- and 1,2-di-substituted alkenes, especially electron- 

deficient alkenes^^ and can be extended to trisubstituted alkenes by incorporation of 
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Et 4 NOAc in the reaction mixture?''® 


Ph 


Et202CHN2 EtOzCNClNa^ 




IV, V 


Ph Ph. ^NHC02Et 

^ \ + 

HO'^ ^Ph 


NaNOs 

+ 

AgCl 


i, ButCXI3/MeOH, 0 OQ 15 min; ii, NaOH/MeOH, 0 ®C, 10 min; iii, evaporate to dryness 
iv, MeCN, AgNOj, 20 OQ 5 min; v, 1% OSO 4 , aq. ButQH, 18 h, 20 ° C, then aq. Na 2 S 03 , 


reflux, 3h 

Scheme-5 

Palladium complexed alkene can be iran5-opened by an amine nucleophile?''^’^^ 
Oxidative workup of the resulting cr-palladium species yields an amino alcohol (as it: 
acetate ester). Depalladation occurs with inversion, yielding over all cis stereochemistrj 
(Scheme-6). 


R- 




1, 11 


R2-' 


'r3 


RI.^R4 

.;Pda2.NHR2 ■ 
''R3 


RoHN. 


ri 


r3i 


•R4 


R 2 HN. 


Ill, IV 


R2- 


r 2 'Pda 2 .NHR 2 AcO' 



i, (PhCH) 2 PdCl 2 , THF, N 2 , 0° C, 10 min; ii, R 2 NH, -50® C, 50 min; 
iii, Pb(OAc) 4 /AcOH, -50o C, 5 min, then 20° C, 2 h; iv, KBH 4 , 20 ° C, 20 min 

Scheme-6 


Related transfonnations can be achieved using mercury activation to yield traru 
stereospecific product where the mercury itself acts as the oxidant (Scheme-7). 


% 

R4 

==/ - 

i, Hg(BF 4 ) 2 , PhNH 2 , THF, -20o C, 5 min 

r2^ 

^R3 

ii, R^OH or H 2 O, reflux, 3 h 

54 - 80% 

Scheme-7 




NH2 r 4 

rz-R 3 
Ri'"';y I 

0H(0R5) 


There are numerous examples of metal mediated oxyamination of olefins. 



X = Ts (best) or Ar 



11 




i, [(PhCH=CH2)C=0]3Pd2, CHCI 3 , THE, (PriO) 3 P,. 0 - 20 O C; 

ii, CioHg'Na''' (for X = Ts) or 
Ce(NH 4 ) 2 (N 03 ) 6 , MeCN (for X = 4 -MeOC 6 H 4 ); 

iii, NaOH/aq. EtOH, reflux Scheme-8 



Indirect methods of preparing amino alcohols fi'om alkenes include the cis opening of 
acyclic or cyclic vinyl epoxides with tosyl or aryl isocyanates (Scheme-8) and the 
well-known complementary trans opening of epoxides with nitrogen nucleophiles. 
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Present study 

From the foregone discussions, one can realize the importance of the existence or 
development of a synthetic methodology for the generation of statme, norstatine, 
allophenylnorstatine and related analogues, containing the hydroxyethylamine isostere. 
The advances in high thorough-put screening technologies have paved way for the 
generation of libraries of small drug like molecules for the discovery and optimization of 
lead compounds for new drugs in the pharmaceutical industry. Cnppled by the immediate 
non-availahility of such high throughput screening techniques against HIV, we focused 
on the generation of chemically and functionally diverse libraries of small peptides 
comprising the required binding elements using a polymer-supported technique. 
Traditionally, polymer-supported substrates upon which chemical reactions are 
performed, have found wide spread application in the synthesis of various chemical 
entities. But, these are limited in utility, in terms of the loading capacity of the resin 
(usually in micro molar scales); availability of appropriate resin of choice; and not the 
least, their cost. We have sought to address this problem by employing a polymer- 
supported catalyst^^ which can promote a reaction on large scale in good yields with 
optimiun use of reagents. 

We realized that extension of the polyaniline supported cobalt (11) salen catalyzed 
epoxidation protocol for the epoxidation of N-cinnamoyl-dipeptides, into the generation 
of 3-amino-2-hydroxy-3-phenylpropionic acid (AHPPRA - p-phenylisoserine) 
derivatives, could be realized by the simple opening of the earlier generated epoxides 
with different amines. Based on the transition state mimetic concept one could expect the 
P-phenylisoserine derivatives to function as good transition state analogues of the known 
statine amino acids discussed earlier. 


3-Ainino-2-hydroxy 
-3-phenylpropionic acid; 

AHPPRA; 

Oh P-Phenylisoserine 

Figure-l 

As has been discussed earlier, the optimum chain length for most potent inhibitors of 
HIV PR have been found to be tripeptides. Thus, we set to synthesize novel class of 
tripeptides as substrate-based HIV PR inhibitor leads, containing the unnatural amino 
acid 3-amino-2-hydroxy-3-phenylpropionic acid (AHPPRA) named P-phenylisoserines 
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(Figure- 1), incorporating a hydroxymethylenecarbonyl (HMC) isostere adjacent to the 
scissile Phe-Pro amide bond. 

Eight sites within the HIV-1 gag-pol polyproteins are known cleavage sites for the HIV 
Pr^ 257.258 exhibiting limited primary sequence identities. The cleavage sites are generally 
characterized by short hydrophobic peptides, flanked by relatively polar sequences. 
These features are thought to be prominent on the surface of the precursor molecules.^^®' 
Hence, we reasoned that the presence of hydrophobic aromatic rings at the N-terminal 
with polar substituents like the hydroxyl and methoxy groups in the unnatural amino acid 
statine analogues would lead to its better binding. This could be achieved by opening of 
the epoxides with suitable aromatic amines containing hydrophobic and polar 
substituents like -methyl, -methoxy, -bromo and -hydroxyl groups. 

The polyaniline supported cobalt salen catalyzed epoxidation of cinnamoyl- 
monopeptides and its subsequent opening with anilines has been reported as preliminary 
studies, from our group.^®^ With the methodology having been successfully extended for 
the synthesis of epoxides of N-cinnamoyl-dipeptides (discussed earlier) in high 
enantiomeric purity, we wished to extend this procedure for the general synthesis of 
tripeptides, containing the P-phenylisoserine derivatives, incorporating the 
hydroxymethylenecarbonyl isostere, with diversities at the P, and Pj site, thereby making 
this an attractive protocol for the generation of hbrary of small drug leads in a 
combinatorial fashion. 

Thus, we subjected the epoxide of N-cinnamoyl-L-pro-L-leucinate 2, generated in the 
presence of PASCOS catalyst, to opening with anisidine in the presence of the same 
catalyst, in acetonitrile (Scheme-1). We were gratified to note that opening of the epoxide 
indeed occurred in good yields, resulting in the P-phenylisoserine derivative containing 
tripeptide 3. 



However, this reaction would achieve greater importance as a methodology for the 
synthesis of tripeptides possessing the p-phenylisoserine derivatives, if it could be 
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After stirring for 12 h, an additional lot of 2-methylpropanal was added and the mixture 
was stirred for another 8 - 12 h. The oxygen balloon was removed and the aniline (1 
equivalent), along with PASCOS catalyst (~10 mg) was added to this mixture and it was 
further stirred for another 10-15 h. 

N-Cinnamoyl-dipeptides 7 Used in the Synthesis of AHPPRA Containing Tripeptides 9 

CXDjMe 
Ph 

COzMe 
002Me 

Table-1 



Amines 8 used in the synthesis of triDeotides 6-Phenvlisoserine derived Trinentides 



Table-2 


The isolation of the resulting tripeptides (most of which are solids) did not require any 
aqueous workup and column chromatography. The unreacted starting materials were 
removed during washing with hexane-CCVEtOAc solvent systems. 




H 

Nv^OOaMe 

k 

7a,c,e 


i. PASCX)S.02,C3H7CH0 

ii, PASCOS, A 1 NH 2 

Scheme-5 



The catalyst was filtered and the solvent was removed under vacuum to yield a residue 
which was taken in minimum volume of EtOAc;CCl 4 and slow drop wise addition of 
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filtered off. SimUax repeated washittg of the concentrated mother hquor, res 
complete isolation of the polar tripeptides, containing dte p-phenylisoserme dertvattves 


in good over all yields, mostly as solids. 

I OAc 



a. Determined from IHNMR; b, yield is based on the substrate 

Table-3 


Thus, N-cinnamoyl-dipeptides 7a-f (Table-1) were subjected to the one-pot epoxidation 
and it’s opening by anilines 8 to get to a library of tripeptides 9, containing p- 
phenylisoserine derivatives, incorporating the a-hydroxymethylenecarbonyl isostere. 

The opening of epoxides, in almost all cases, yielded a mixture of two diastereomenc 
products, of wMch one was predominant. The m^or diastereomer was assigned anti 
stereochemistry, based on the large coupling constant (J ~ 6-7 Hz), between methine 
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protons, compared with the corresponding syn diastereomers (J ~ 4 Hz). 



a. Determined from ^HNMR; b, yield is based on the substrate 


Table-4 



a. Determined firom NMR; b, Yield is based on substrate 


TabIe-5 

The anti stereochemistry of the predominant diastereomers was also substantiated by 
chemical transformation. Compound 9 was subjected to Mitsunobu reaction conditions in 
the presence of diethylazodicarboxylate. The predominant on/z diastereomer selectively 
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10^:^^^^^Scheme-6).Theminor.;r 




Table-7 
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diastereomer was recovered during purification in column chromatography. Acid 
catalysed ring opening of the aziridine 10 with methanol, and purification of the reaction 
mixture, resulted in 11 in good yields. Thus, the P-phenylisoserine containing tripeptides 
can also be converted to the corresponding a-arylamino-P-substituted-phenylalanine 
derived pseudotripeptides, by following the aziridination and its subsequent opening, 
protocol. 



Thus, we have efficiently exploited the use of N-cinamoyl peptides 7 as versatile 
synthons in the synthesis of diverse libraries of tripeptides, containing the unnatural 
amino acid 3-amino-2-hydroxy-3-phenylpropionic acid (AHPPRA) named p- 
phenylisoserines (Figure-1), with a hydroxymethylcarbonyl (HMC) isostere adjacent to 
the scissile Phe-Pro amide bond, as probable lead stmctures for the inhibition of HIV 
Pr 266 Based on the transition state mimetic concept we propose that these P- 
phenylisoserine derived peptides could be good transition state analogues of the known 
statine amino acids, discussed earlier. The potent statine acid derivatives, discussed 
earlier need several chemical transformations (some of them, in quite rigorous 
conditions) to be synthesized. This seemingly minor problem turns out to be otherwise in 
the prospective of need for time and cost effective methodologies to synthesize them for 
universal availability. We have introduced a simple, cost-effective and highly efficient 
methodology for the synthesis of tripeptides in any general permutation of amino acids, 
containing these p-phenylisoserine derivatives in good yields, by a one-pot synthetic 
protocol in the presence of PASCOS catalyst. 

By this methodology we have discovered the N-cinnamoyl group as both an efficient N- 
terminal protecting group and a functional olefin exploited as versatile synthon in 
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hydroxyanunafon « ^-protecting group 

tripeptides in parallel. T „.ntection and de-protection steps, which are 

can be reaUzed from te fact that a score of 
cbaracterfetic of peptide synthesis have been cncmnvent . 


MeOoQ 


Me02C ) ■ ' 'R 

V"R 9^ HN 

HN 1 al ^ 

0 ^ i.o,.PASCOS,2-n g^$:g!U. 

a. |^V*”paSCOS,CH3CN H 

a)R=CH2CH(CH3)2 OH ( syn : anti );% yield 

cjR:SS^“' Seheme-7 

Tbe synthesis of conformationaUy consnained small molecnle peptides Ofiscussed in 
d^iirthe next section) is a novel concept, for increasing the bmavatlabtUty and non 
t^dability of inhibitors of protean. Such conformational constiams m peptides rntg^t 

"aracolrnmti onof.hepeptide,timtmtinicsaturnmotiflihe^ 

mm is one of the most common recognition elements, present at the protease actme s.te, 
supplements vindication for the need of such confonnationMly constramed peptides as 

leads for drug therapy. 

Ph 




^ TT -rtr rurrHoV, • X=OAc e)R=CH(CH3)2i 

a)R.ai3CH(ffl3),; X.Hc)^-^Wti._jj flR-OKOfsh; X-OAc 


b)R=CH2Ph; X=H 


One of the most common methodologies used for the synthesis of cyclic peptides, is 
macrolactonisation. Various novel reagents exist for the macrolactonisation 
appropriate precursors. We envisioned that opening of epoxides with a bi-fimctional 
aniline which contaius a handle for turlher lactonisation with the free carboxy ester in 
the N-cinnamoyl dipeptides, would be a weU-sort-after methodology for the synthesis of 
tripeptide precursors of choice, for cyclisation. 
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Added to this, such a protocol would generate tripeptides containing the unnatural amino 
acid statine analogue P-phenylisoserine, incorporating the a-hydroxycarbonyl isostere 
and hence, making these small peptides as excellent drug candidates for therapy of ADDS. 
That the N-cinnamoyl protecting group can be exploited to get to one of the most potent 
of isosteres, the hydroxymethylcarbonyl (HMC), which has shown picomolar inhibitory 
potencies when incorporated in ligands, cannot be over-emphasized. 

Thus, in an effort to develop an efficient methodology for the synthesis of acyclic 
precursors that can be cyclised by macrolactonisation, we subjected the in situ generated 
epoxides of the CPX and CXP systems, viz-a-viz methyl-N-cinnamoyl-leu-prolinate, 
methyl-acetyl-N-cimiamoyl-leu-hydroxyprolinate, methyl-N-cinnamoyl-val-prolinate, 
methyl-acetyl-N-cinnamoyl-val-hydroxyprolinate, methyl-N-cinnamoyl-val-hydroxy 
prolinate, methyl-N-cinnamoyl-pro-leucinate, methyl-N-cinnamoyl-pro-aspartate, 
methyl-N-cinnamoyl-pro-phenylalaninate and methyl-N-(3-chlorocinnamoyl)-phe- 
prolinate, to opening by /nefu-amino phenol. After workup of the reaction mixture, we 
found that the opening took place regio- and chemo-selectively to yield the P- 
phenylisoserine containing tripeptide, in each of these cases. The yields of the opening 
reactions were found to be higher, when the reaction was performed in one-pot, from the 
N-cinnamoyl-dipeptide to the P-phenylisoserine containing tripeptide. 



12a (1:4) 56% 12b (1:5) 60% 12c (1:4) 54% 


TabIe-8 

Thus, we describe a chemoselective opening of the in situ generated epoxide of N- 
cinnamoyl-dipeptides with meta-amino phenol leading to the synthesis of P- 
phenylisoserine and L-proline containing tripeptide isosteres, in the presence of 
polyaniline supported cobalt (II) salen (PASCOS) catalyst, as precursors for 
macrolactonisation. Our approach involves one-pot conversion of N-ciimamoyl peptides 
1 or 4 to the corresponding tripeptides 3 or 6 respectively, by first forming the epoxide 
and subsequently its in wfu opening with mefa aminophenol in the presence of 
polyaniline supported cobalt (II) salen catalyst. 
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Typically, N-ciimamoyl dipeptides were taken in acetonitrile and stirred with 2- 
methylpropanal in the presence of polyaniline supported cobalt (II) salen catalyst under 
oxygen balloon. After stirring for 12 h, an additional amount of 2-methylpropanal was 
added and the mixture was stirred for another 10 - 12 h. The oxygen balloon was 
removed and meta-amino phenol (1 equivalent), along with PASCOS (~ 10 mg) was 
added to this mixture and it was further stirred for until complete consumption of epoxide 
(TLC), at ambient conditions. 



These tripeptides were isolated by circumventing the use of column chromatography via 
a non-aqueous work-up procedure. After completion of the reaction, the residue was 
dissolved in minimum volume of ethylacetate and carbontetrachloride (1:3) and to it 
hexane was added slowly, which resulted in the precipitation of the tripeptide in good 
yields. The mother liquor was concentrated and subjected to similar washing. After about 
three washes, the mother liquor mainly consisted of unreacted epoxide and amine, along 
with ~ 5 % of the tripeptide. The crude filtrates were washed once again, with CCI4 and 
warm hexane and dried imder vacuum, which gave the tripeptides in high purity (HPLC), 
most of them as solids. 

In each of the above mentioned cases, the P-phenylisoserine derived tripeptides were 
obtained as mixture of diastereomers in which the anti isomer was found to be the major 
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product (‘H NMR). The tripeptides were subjected to HPLC analysis and in each case, 
the major diastereomer was present in the ratio (3/4:1). The major diastereomer was 
assigned anti stereochemistry, based on the large coupling constant (J ~ 6-7Hz), between 
methine protons, compared with the corresponding syn diastereomers (J ~ 4 Hz). The 
absolute stereochemistry of the major anti diastereomer was assigned as (3R, 2R) for N- 
ciimamoyl-L-proline derived tripeptides, based on the absolute stereochemistry of the 
precursor epoxides which has been ascertained as (3S, 2R). It is interesting to know that 
no product arising out of the opening of the epoxide with phenolic group of Tweto-amino 
phenol was observed. 



Thus a tandem protocol involving the epoxidation of 7a-c under aerobic conditions in the 
presence of PASCOS catalyst followed by the reaction with mern-aminophenol afforded 
the corresponding P-phenylisoserine derivatived tripeptides 12a-c in one pot in good 
yields. Similarly, the N-cinnamoyl-dipeptides 7a-f were transformed to the 
corresponding tripeptide 13a-f respectively in good yields. These tripeptides were also 
isolated by non-aqueous work up using the precipitation techniques as described above 
for the isolation of 12. Hither too, the trans diastereomer was found to be the major 
product for tripeptides 13a-f. One-pot opening of in situ generated epoxides of N- 
cinnamoyl-dipeptides could also be achieved chemo-selectively by secondary amines 
containing phenolic groups, as exemplified by the synthesis of 14 and 15 (Table- 10), 
from their respective CPX peptides, in the presence of PASCOS catalyst. 

The presence of phenolic- and ester- groups in these tripeptides, make them as attractive 
precursors to P-tum mimic, mainly because an intramolecular-macrolactonisation of 
these peptides would result into the corresponding cyclic peptide which may behave as 
cyclic mimic of this turn (Figure-3). In the case of tripqjtides derived from CPX peptide 
systems, presence of a proline might provide a y-tum in the peptide system, which can 
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Figure-2 


peptides would mimic a P-tum conformation on cyclisation and hence become potent 
HIV protease inhibitors, incorporating one of the important recognition elements for 
at the protease active site. Cyclisation of such tripeptides with an aromatic ring 
spacer may lock the beta turn conformation thereby rendering the resulting cyclic 
peptide more effective for binding with the HIV protease. 



In conclusion, we have developed an efficient one-pot, PASCOS catalysed, regio- and 

chemo-selective transformation of M-cinnamoyl-dipeptides to the corresponding p- 
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phenylisoserine derived tripeptides, which are structural analogues of HIV PR inhibitors. 
Presented above, is also an efficient route for the access to proline derived core structures 
as potent HIV protease inhibitors. The chemo-selective opening of epoxides with meta- 
amino phenol provides a useful route to the synthesis of precursors to the cyclic peptides, 
which may be mimics of beta turn motifs. The efficiency and the easy non-aqueous work 
up procedure, make this a potentially useful methodology, for the synthesis of any 
tripeptide precursor of our choice, for cyclisation through macrolactonization. 
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Experimental Section 

Materials and Methods 

Acetonitrile, ethyl acetate, hexane, THF and all other solvents were purified by standard 
procedures. CoCl^ was purchased from LOBA Indian Limited and dried at 140 “C for 4 h 
before use. All the amino acids were bought from SpectroChem India Limited and used 
as such. Cinnamic acid, cinnamic acid derivative, ethylene diamine, primary aromatic 
amines, triethyl amine, acetic anhydride, methylchloroformate, 2-methylpropanal 
(isobutyraldehyde) were all procured commercially and were purified before use. The 
secondary amines have been prepared by the reductive amination of the corresponding 
aldehyde as per the literature procedure.*** The aldehydes were distilled before use. 
Amines were re-crystallized before use. Polyaniline supported Co(Salen) was prepared 
according to procedure developed in our lab.**^ Column chromatography was performed 
on ACME silica-gel eulant. TLC was performed on ACME silica-gel-G coated glass 
plates and were irradiated using UV lamp. *H NMR spectra were recorded using Jeol 
PMX-60 system, Bruker WP-80, Jeol 300 FTNMR or JNMLA400 FTNMR machines in 
CCI4/CDCI3. Chemical shift are given relative to TMS in ppm(5). Multiplicity is 
indicated using the following abbreviations: s(singlet), bs(broad singlet), d(doublet), 
dd(doublet of a doublet), ddd(doublet of a doublet of a doublet), dt(dbublet of a triplet) 
td(triplet of a doublet), q(quartet) and m(multiplet). The FAB mass spectra were recorded 
on JEOL SX 102/DA 6000 mass spectrometer data system using Argon (6 Kv, 10 mA) as 
the FAB gas. Optical rotations were measured in Autopol® II/ Autopol® Illpolarimeters. 
Allthe known compounds were characterized by comparing with the literature data. IR 
spectra were recorded on Perkin Elmer 683 spectrophotometer, using either a neat sample 
or a solution in CCI4/CH2CI2 and solids were examined as KBr pellets and the values are 
reported in (cm'*). HPLC analyses were done with Rainin System fitted with 
Dynamax® SD-200 pump and detected with Groton PDA solonet Diode Array Detector. 

Preparation of Polyaniline 

Freshly distilled aniline 10 mL (109.5 mmole) was dissolved in 125 mL of 1.5 M HCl, 
and a solution of ammoniumpersulfate (54.8 mmole) in 1.5 M HCl (125 mL) was added 
to it at 0 "C. Since aniline polymerization is strongly exothermic, the oxidant must be 
added slowly over a period of Ih. After the addition of the oxidant, the reaction was 
stirred further for 4 h. The polyaniline hydrochloride precipitate was separated by 
filtration and washed consecutively with water (3 X 30 mL), methanol (2 X 25 mL), and 
diethyl ether (2X15 mL) to remove the oligomers and any of the reaction side products. 
The polymer was then vacuum-dried rmtil constant mass. Deprotonation of polyaniline 
hydrochloride was achieved with aqueous ammonia (3 wt%). Deprotonated polymer was 
again washed with water, methanol, and diethyl ether and dried until constant mass (~3 
gm). Polyaniline is quite stable to air and can be stored indefinitely in closed glass vials. 

Preparation of Poiyaniiine supported cobalt (II) salen (PASCOS) 

Cobaltous salen (200 mg) and polyemiline (200 mg) were added to a solution of acetic 
acid (25 mL) in acetonitrile (25 rnL) and stirred at ambient temperature for 36 h. The 
resultant catalyst was filtered off and washed first with acetic acid (3 X 10 mL) and then 
thoroughly with acetonitrile until the filtrate was colorless. The resulting residue was 
dried in an air oven at 100 °C for 2 h to afford the black (or blackish brown) colored 
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catalyst. Polyaniline supported cobalt (II) salen is stable to atmosphere and can be stored 
indefinitely in closed vials. 

General Procedure for the Synthesis of methyl-L-amino ester hydrohloride 

To an ice cold, stirring suspension of the L-amino acid (1 equivalent) in methanol (1 
mL/mmol) was added thionylchloride (1.1 equivalents) drop wise from a dropping 
funnel. The clear solution that resulted was stirred at room temperature for 3 h. Methanol 
was removed in vacuo and the resulting solid was washed with dry ether. Drying under 
vacuo yielded the amino ester hydrochloride in nearly quantitative yields, which was 
used for further reaction in the next step without any further purification. 

In general it was observed that coupling reactions with methyl-amino ester 
hydrochlorides were better yielding when these were freshly synthesised before use for 
subsequent synthesis, due to the hygroscopic nature of most of these salts. 

Synthesis of methyl-L-prolinate hydrochloride 

To an ice cold, stirring suspension of L-proline (5.75 gm, 50 mmol) in methanol (50 mL) 
was added thionylchloride (4 mL, 55 mmol) drop wise from a dropping funnel. The clear 
solution that resulted was stirred at room temperature for 3 h. Methanol was removed in 
vacuo and the resulting gummy liquid was washed with dry ether. Drying under vacuo 
yielded methyl-L-proline hydrochloride as a gum in nearly quantitative yields, which was 
used for further reaction in the next step without any further purification. 

Synthesis of methyl-L-leucinate hydrochloride 

To an ice cold, stirring suspension of L-leucine (3.93 gm, 30 mmol) in methanol (30 mL) 
was added thionylchloride (2.42 mL, 33 mmol) drop wise from a dropping funnel. The 
clear solution that resulted was stirred at room temperature for 3 h. Medianol was 
removed in vacuo and the resulting solid was washed with dry ether. Drying imder vacuo 
yielded methyl-L-leucine hydrochloride in nearly quantitative yields as a crystalline 
white solid, which was used for further reaction in the next step without any further 
purification. 

Synthesis of methyl-L>valinate hydrochloride 

To an ice cold, stirring suspension of L-valine (2.54 gm, 20 mmol) in methanol (20 mL) 
was added thionylchloride (1.61 mL, 22 mmol) drop wise from a dropping funnel. The 
clear solution that resulted was stirred at room temperature for 3 h. Methanol was 
removed in vacuo and the resulting solid was washed with dry ether. Drying under vacuo 
yielded methyl-L-valinate hydrochloride in nearly quantitative yields as a crystalline 
white solid, which was used for further reaction in the next step without any further 
purification. 

Synthesis of methyl-L-isoleucinate hydrochloride 

To an ice cold, stirring suspension of L-isoleucine (1.96 gm, 15 mmol) in methanol (15 
mL) was added thionylchloride (1.21 mL, 16.5 mmol) drop wise from a dropping funnel. 
The clear solution that resulted was stirred at room temperature for 3 h. Methanol was 
removed in vacuo and the resulting solid was washed with dry ether. Drying under vacuo 
yielded methyl-L-isoleucine hydrochloride in nearly quantitative yields as a crystalline 
white solid, which was used for further reaction in the next step without any further 
purification. It is advisable in the case of reactions with methyl-L-isoleucinate to freshly 
synthesize it every time before use. 
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synthesis of methyl-L-phenylalanlnatehydro^^ 

To an ice cold, stirring snspemioyt L-P ^ dropping 

(20 mL) was added thionylchlonde ( . ^ ’ temperature for 3 h. Methanol 

funnel. W clear solution that resulted M ^.P ^ ^der 

was removed in vacuo and the resulting j nearly quantitative yields as a 

farther purification. 

Synthesis of •‘fp 66 gm, 20 nunol) in methanol (20 

To an ice cold, *<“”8 mmol) drop wise from a dropping funnel. 

mL) was added thionylchlonde (3.22 temnerature for 3 h. Methanol was 

The clear solution that ^ cashed with dry ether. Drying under vacuo 

removed in vacuo and the resulting so ^ quantitative yields as a crystalline 

s. 

purification. 

synthesis of n,ethyl.L.tyrosina«o^torid^^^ ^ 

To an ice cold, stimng suspensm t^^ ^ ^ dropping funnel. 

mL) was added thionylchlonde (0.8 mL, temnerature for 3 h. Methanol was 

The cleM oM was washed wi* dry ether. Drying under v^o 

removed m vacuo andtheresul g quantitative yields as a crystalline 

^rsoUr^n:red«"rt:e ne. s4 widron. any frndrer 
purification. 

synthesis of methyl-L-serinate hydrochloride „,nn„,i 

To an ice cold stirring suspension of L-setine (1.05 gm, 10 mmol) in methariol (10 ^) 

^ ’ TmLri/tn g mL 11 mmol) drop wise from a dropping funnel. The 

was added thionylchlonde (U.» im., 1 1 uuuui; -x u lUptlmnnl was 

purification. 

Synthesis of methy l-trans-4-hydroxy-L-prolinate hydrochloride 

To an ice cold stirring suspension of 4 -n*ans-hydroxy-L-proline (1.3 1 gm, 10 mmol) m 
metoot ") wL added diionylchloride (0.8 mL, 11 mmol) drop wise tom a 
dropping tael. The clear solution that resulted was shm^ at room ' 

Methanol was removed in vacuo and the resulting solid was washed with dry ete 
Drying under vacuo yielded methyl-/rans- 4 -hydroxy-L-prolinate hydrochlonde m nearly 

qi^titetive yields as a crystalline white solid, which was used for further reaction m the 

next step without any further purification. 
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General Procedure for the Synthesis of methyl>N-cinnamoyl-amino ester 
Method A 

To a stirring, ice cold solution of cinnamic acid (1 equivalent) and triethylamine (1 
equivalent) in THF (1.5 mL/mmol) was added methylchloroformate (1 equivalent) and 
the mixture was stirred vigorously for 2 minutes.* After which, a solution of the amino 
ester hydrochloride (1.1 equivalents) in DMSO (0.5 mL/mmol) was added followed by 
triethylamine (2.2 equivalents) dissolved in THF (1 mL/mmol). The reaction vessel was 
allowed to warm to room temperature and vigorously stirred for further 3-4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel under suction and 
washed with THF. Removal of solvent from the filtrate xmder vacuo yielded a residue 
which was dissolved in EtOAc (~ 2mL/mmol) and washed with saturated aqueous 
solution of NaHCOS, water and brine. Drying (NajSOJ and evaporation of solvent imder 
vacuo yielded the crude product which was further purified by column chromatography 
(EtOAc;Hexane) to yield the required product mually as good solids in good yields. 

* On prolonging beyond this time, usually methyl cinnamate is formed in healthy 
quantities as a side product. 

Method B 

To a stirring ice cold solution of cinnamoyl chloride (1 equivalent) in dichloromethane (1 
mL/mmol) was added the amino ester hydrochloride (1.1 equivalents) followed by a 
solution of triethylamine (2.2 equivalents) in dichloromethane (1 mL/mmol) drop wise 
through a dropping funnel. After complete addition of triethylamine, the reaction mixture 
was vigorously stirred for a further 5-6 h and then diluted with dichloromethane (1 
mL/mmol). Work up as described in method A, with saturated aqueous solution of 
NaHC03, water and brine and purification by column chromatography yielded the N- 
cinnamoyl amino ester in good yields. 

In general, it was observed that yields of methyl-N-cinnamoyl-amino esters were better 
by method A, than by method B. 

Synthesis of methyl-N-cinnamoyl-L-leucinate 7a 

To a stirring, ice cold solution of cinnamic acid (1.48 gm, lOmmol) and triethylamine 
(1.4 mL, lOmmol) in THF (15 mL) was added me&ylchloroformate (0.77 mL, 10 mmol) 
and the mixture was stirred vigorously for 2 minutes. After which, a solution of methyl 
leucinate hydrochloride (2 gm, 10 mmol) in DMSO (4-5 mL) was added followed by 
triethylamine (3.1 mL, 22 mmol) dissolved in THF (15 mL). The reaction vessel was 
allowed to warm to room temperature and vigorously stirred for further 3-4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel xmder suction and 
washed with THF. Removal of solvent from the filtrate under vacuo yielded a residue 
which was stirred with saturated aqueous solution of NaHC 03 (20 mL) for 15 minutes. 
The bicarbonate layer was decanted and the resulting semi solid washed with water 
(2X10 mL). An yellow solid precipitated, which was filtered off on a suction funnel and 
dried in a dessicator under vacuum, on a cellulose filter paper for 10 h. Purification of the 
resulting solid by column chromatography (EtOAc:Hexane = 1:5.25) (TLC - Rf = 0.5; 
hexane:ethylacetate 5:1) yielded the above said compound as a crystalline white solid 
(M.P.= 128 °C) in good yields (85%). [ajo^® = +20° (c = 0.01, CHjCy. 
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•HNMR, 60 MHz, CDCI3, 7.73(d, J = 8.2Hz. IH), 7.60(d, J “ 16^’ JH)’ 

6.70(d, J = 16Hz, IH), 4.90(dd, J = 10.2Hz & J = 5 . 6 Hz, IH), 3.82(s, 3H), 1.73(dd, J - 
8 Hz & J = 1 . 6 Hz, 2H), 1.21-1.18(m, IH), 0.96(d, J = 6.5Hz, 6 H). 


Synthesis of methyNN-cinnamoyl-L-valinate 7b 

To a stirring, ice cold solution of cinnamic acid (1.48 gm, 10 mmol) and triethylamine 
(1.4 mL, 10 mm ol) in THF (15 mL) was added methylchloroformate (0.77 mL, 10 mmol) 
and the mixture was stirred vigorously for 2 minutes. After which, a solution of methyl 
valinate hydrochloride (1.84 gm, 11 mmol) in DMSO (4-5 mL) was added followed by 
triethylamine (3.1 mL, 22 mmol) dissolved in THF (15 mL). The reaction vessel was 
allowed to warm to room temperature and vigorously stirred for further 3-4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel under suction and 
washed with THF. Removal of solvent from the filtrate under Vacuo yielded a residue 
which was taken in EtOAc (25 mL) and the organic layer was washed with saturated 
aqueous solution of NaHCOj (2X10 mL), water ( 2 X 10 mL) and brine (IXlOmL). Drying 
(anhydrous Na 7 S 04 ) and evaporation of solvent yielded a residue which was purified by 
column chromatography (EtOAc:Hexane = 1:5.25) (TLC - Rf = 0.45; hexane:ethylacetate 
5 : 1 ) yielded the above said compoimd as a gum in good yields ( 68 %). 


‘H NMR, 60 MHz, CDCI 3 , 5 7.63(D, J = 16Hz, IH), 7.33 (s, 5H), 6.90 (d, J = 9Hz, IH), 
6.57 (d, J = 16Hz, IH), 4.80 (dd, J = 8.5Hz &J= 5.5Hz, IH), 3.80(s, 3H), 2.30 (ds, J = 
6 Hz & J = 2Hz, IH), 1 .22 (d, J = 6.5Hz, 6 H) 

Synthesis of methyl-N-cinnamoyl-L-phenylalaninate 20c 

To a stirring ice cold solution of cinnamoyl chloride (1.65 gm, 10 mmol) in 
dichloromethane (15 mL) was added methylphenylalaninate hydrochloride (2.37 gm, 11 
mmol) followed by a solution of triethylamine (3.1 mL, 22 mmol) in dichloromethane 
(15 mL) drop wise through a dropping fuimel. After complete addition of triethylamine, 
&e reaction mixture was vigorously stirred for a further 5-6 h and then diluted with 
dichloromethane (15 mL). The organic layer was washed with saturated aqueous solution 
of NaHC 03 , water and brine. Drying (Na 2 S 04 ) and evaporation of solvent under vacuo 
yielded the cmde product which was further purified by column chromatography 
(EtOAc:Hexane = 1:5) (TLC - Rf = 0.5; hexane ethylacetate 4:1) to yield the required 
product as a crystalline white sohd (M.P. = 78 °C) in good yields (80 %). 


'H NMR 60 MHz, CDCI 3 , 5 7.68 (d, J = 15.8 Hz, IH), 7.62 - 7.50 (m, 5H), 7.45 - 7.39 
(m, 5H), 5.10 (dd, J = 13.5 Hz & 9 Hz, IH), 3.69 (s, 3H), 3.15 (d, J = 6 Hz, 2H) 

Synthesis of methyl-N-cinnamoyl-L-prolinate 22 

To a stirring, ice cold solution of cinnamic acid (1.15 gm, 10 mmol) and triethylamine 
(1.4mL, 10 mmol) in THF (15 mL) was added methylchloroformate (0.77 mL, 10 mmol) 
and the mixture was stirred vigorously for 2 minutes. After which, a solution of the 
methyl prolinate hydrochloride (1.82 gm, 11 mmol) in DMSO ( 4 - 5 mL) was added 
followed by triethylamine (3.1 mL, 22 mmol) dissolved in THF (15 mL). The reaction 
vessel was allowed to warm to room temperature and vigorously stirred for further 3-4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel under suction and 
washed with THF. Removal of solvent from the filtrate xmder vacuo yielded a residue, 
which was stirred with a saturated aqueous solution of NaHCOj (20mL) for 15 minutes. 
The bicarbonate layer was decanted md the resulting semi solid was washed with water 
(10 mL). An yellow solid precipitated, which was filtered off on a suction funnel and 
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dried in a dessicator under vacuum, on a cellulose filter paper for 8-10 h. Purification of 
the resulting solid by column chromatography (EtOAc:Hexane = 1:2.45) (TLC - Rf = 
0.35; hexane:ethylacetate 3.3:1) yielded the above said compound as a crystalline solid 
(M.P.= 58 °C) in good yields (74 %). 

‘H NMR, CDCI3, 60 MHz, 6 , 7.55 (d, J = 12 Hz, IH), 7.20 (m, 5H), 6.6 (d, J = 12 Hz, 
IH), 4.5 (m, IH), 3.6 (bs, IH), 2.0 (m, 4H) 

Synthesis of methyl-N-(3'-chloro-cinnamoyi)-L-phenyIalaninate 7c 

To a stirring, ice cold solution of 3'-chloro-cinnamic acid (1.83 gm, 10 mm ol) and 
triethylamine (1.4 mL) in THF (1.5 mL) was added methylchloroformate (0.77 mL, 10 
mmol) and the mixture was stirred vigorously for 2 minutes. After which, a solution of 
the methyl phenylalaninate hydrochloride (2.37 gm, 1 1 mmol) in DMSO (4-5 mL) was 
added followed by triethylamine (3.1 mL, 22 mmol) dissolved in THF (15 mL). The 
reaction vessel was allowed to warm to room temperature and vigorously stirred for 
further 4-5 h. Triethylamine hydrochloride was filtered off on a sintered fimnel under 
suction and washed with THF. Removal of solvent from the filtrate under vacuo yielded 
a residue which was taken in EtOAc (30 mL) and washed with saturated aqueous solution 
of NaHCOj (2X10 mL), water (2X10mL) and brine (IXlOmL). Drying (anhydrous 
Na 2 S 04 ) and evaporation of solvent yielded a residue which was purified by column 
chromatography (EtOAc:Hexane = 1:3) (TLC - Rf = 0.40; hexane:ethylacetate 3:1) 
yielded the above said compoimd as a solid (M.P.= 78 °C) in good yields (72 %). 

'H NMR, 60 MHz, CDCI 3 , 5 7.62 (d, J = 16Hz, IH), 7.38 - 7.15 (m, 9H), 6.53 (d, J = 
16Hz, IH), 5.08 (dd, J = 13.5Hz & J = 6 Hz, IH), 3.85 (s, 3H), 3.22 (d, J = 8.2Hz, 2H) 

General Procedure for the Synthesis of N-cinnamoyl-amino acid 
Method A 

To an ice cold solution of cinnamoylchloride (1 equivalent) in dichloromethane (1 
mL/mmol) weis added the L-amino acid (1 equivalent). To the stirring mixture a solution 
of triethylamine (2.2 equivalents) in dichloromethane (1 mL/mmol) was added drop wise 
at such a rate that the vessel temperature did not exceed 10 °C. After complete addition, 
the reaction mixture was warmed to room temperature and stirring was continued for 4-5 
h. The solvent was evaporated in vacuo. To the resulting residue was added while 
stirring, aqueous solution of IN HCl imtil no more acidification occurred (formation of 
milky white precipitate ceased). The aqueous suspension of yellowish white solid was 
filtered on a sintered funnel under suction and dried by spreading on cellulose filter paper 
for 10 h in a dessicator, to yield the N-ciimamoyl amino acid in excellent yields. 

Method B 

To a solution of the methyl-N-cinnamoyl amino ester (1 equivalent) in MeOH (4 
mL/mmol) was added a solution of LiOH.H20 (1.2- 1.5 equivalents) in water (1 
mL/mmol)* and stirred at room temperature until completion of reaction (TLC - 
complete disappearance of starting material). Methanol was removed under vacuo and 
the aqueous part was acidified with an aqueous solution of IN HCl by drop Avise addition 
and simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue - if it was a solid- was 
filtered off on a sintered funnel under suction and dried on cellulose filter paper for 10 - 
12 h in a dessicator; or -if it was a gum- was extracted with dichloromethane, dried 
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(anhydrwous sodium sulphate) and concentrated under vacuo, to yield the N cinnamoyl 

amino acid, usually in good yields as a solid or gum. ^ • n i 

*It might be required to use warm water to dissolve LiOH.HjO m case of larger scale 
reactions (> 20 mmol). In which case, after dissolving in warm water, it is better to cool 
the solution before addition to the methanolic solution of the methyl ester. 

It is notable that the TLC patterns of most of these N-cumamoyl peptides with free 
carboxyl group appear as white streaks, on visualising in iodine chamber. 


Synthesis of N-cinnamoyl-L-proline 3 

To an ice cold solution of cinnamoylchloride (1.67 gm, 10 mmol) in dichloromethane (15 
mL) was added L-proline (1.15 gm, 10 mmol). To the stirring mixture a solution of 
triethylamine (3.1 mL, 22 mmol) in dichloromethane (20 mL) was added drop wise at 
such a rate that the vessel temperature did not exceed 10 °C. After complete addition, the 
reaction mixture was warmed to room temperature and stirring was continued for 4-5 h. 
The solvent was evaporated in vacuo. To tlie resulting residue was added while stirring, 
aqueous solution of IN HCl until no more acidification occurred (formation of milky 
white precipitate ceased). The aqueous suspension of yellowish white solid was filtered 
on a sintered ftumel under suction and dried by spreading on cellulose filter paper for 10 
h in a dessicator, to yield N-cinnamoyl proline as a white solid (M.P. = 162 °C) in 
excellent yields (96 %). 


Synthesis of N-cInnamoyl-L-leucine 8a 

To a solution of the methyl-N-cinnamoyl leucinate (1.38 gm, 5 mmol) in MeOH (20 mL) 
was added a solution of LiOH.HjO (205 mg, 5 mmol) in water (5 mL) and stirred at room 
temperature until completion of reaction (TLC - EtOAc:hexane - 1:3 - complete 
disappearance of starting material). Methanol was removed under vacuo and the aqueous 
part was acidified with an aqueous solution of IN HCl by drop wise addition and 
simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane (30mL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to yield N-cinnamoyl-L-leucine, in good yields (85 %) as a hygroscopic gum. 


Synthesis of N-cinnamoyl-L>Valine 8b 

To a solution of the melhyl-N-cinnamoyl valinate (2.09 g gm, 8 mmol) in MeOH (16 
mL) was added a solution of LiOH.H20 (330 mg, 8 mmol) in water (2 mL) and stirred at 
room temperature until completion of reaction (TLC - EtOAc:hexane - 1:3 - complete 
disappearance of starting material). Methanol was removed under vacuo and the aqueous 
part was acidified with an aqueous solution of IN HCl by drop wise addition and 
simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane (3X10mL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to yield N-cinnamoyl-L-valine, in good yields (72 %) as a gum. 

Synthesis of N-(3‘-chloro-cinnamoyl)-L-phenylalanine 8c 

To a solution of the methyl-N-(3'-chloro-cinnamoyl)-L-phenylalaninate (1.72 gm, 5 
mmol) in MeOH (20 mL) was added a solution of LiOH.H20 (205 mg, 5 mmol) in water 
(4 mL) and stirred at room temperature until completion of reaction (TLC - 
EtOAc-.hexane - 1:1.5 - complete disappearance of starting material). Methanol was 
removed rmder vacuo and the aqueous part was acidified with an aqueous solution of IN 
HCl by drop wise addition and simultaneous vigorous stirring. After complete 
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acidification (no more milky white precipitate occurs on addition of dilute HCl), the 
resulting residue was extracted with dichloromethane (SXlOmL), dried (anhydrous 
sodium sulphate) and concentrated under vacuo to yield N-(3'-chloro-cinnamoyl)-L- 
phenylalanine, in good yields (78 %) as a hygroscopic solid. 

Synthesis of N-cinnamoyl-phenyiaianine (8d) 

To a stirring ice cold solution of triethylamine (3.1 mL, 22 mmol) in acetonitrile (30 mL) 
was added L-phenylalanine (1.65 gm, 10 mmol). A solution of cinnamoyl chloride (1.67 
gm, 10 mmol) in acetonitrile (15 mL) was added drop wise to this solution at such a rate 
that the reaction vessel temperature did not exceed 10 °C. After complete addition, the 
reaction mixture was warmed to room temperature and stirring was continued for 4-5 h. 
Following acidification and isolation as described in method A yielded N-cinnamoyl-L- 
phenylalanine as a sticky white solid in good yields (85 %). 

General Procedure for the Synthesis of methyl-N-cinnamoyl-proline-Xaa - 
CPX systems (Xaa = linear methyl-a-amino ester) 

A stirring solution of N-cinnamoyl-proline (1 equivalent) and triethylamine (1 
equivalent) in THF (1.5 mL/mmol) was cooled to -5 - -10 °C* in an ice-salt bath and to it 
was added methylchloroformate (1 equivalent) and stirred vigorously for 50 - 60 
seconds.* Then a solution of the methyl-aminoester hydrochloride (HCl.Xaa.OMe) (1.1 
equivalents) in DMSO (0.5 mL/mmol) was added followed by a solution of triethylamine 
(2.2 equivalents) in THF (1.5 mL/mmol). The mixture was warmed to room temperature 
by removal of the ice-salt bath and vigorously stirred for further 4 h. Triethylamine 
hydrochloride was filtered off on a sintered funnel under suction. Removal of solvent 
from the filtrate imder vacuo yielded a residue, which was dissolved in EtOAc (- 
2niL/mmol) and washed with saturated aqueous solution of NaHCOs, water and brine. 
Drying (NajSOJ and evaporation of solvent under vacuo yielded the crude product 
which was further purified by column chromatography (EtOAc:Hexane) to yield the 
required product usually as good solids in moderate to good yields in high purity. Most 
of these solids can be recrystallised in EtOAc-hexane to give good crystalline 
compounds. 

♦Aberrations from this temperature and time usually resulted in poor )delds and recovery 
of the acid, or in the formation of methyl-N-cinnamoyl-L-prolinate as side product. 

General Procedure for the Synthesis of methyl-N-cinnamoyl-Xaa-prolinate - 
CXP systems (Xaa = linear methyl a-amino ester) 

A stirring solution of N-cinnamoyl-L-amino acid (1 equivalent) and triethylamine (1 
equivalent) in THF (1-1.5 mL/mmol) was cooled to -5 - -10 °C* in an ice-salt bath and to 
it was added methylchloroformate (1 equivalent) and stirred vigorously for 50 - 60 
seconds.* Then a solution of methyl prolinate hydrochloride / methyl (4-frans'-hydroxy) 
prolinate hydrochloride (1.1 equivalents) in DMSO (0.5 mL/mmol) was added followed 
by a solution of triethylamine (2.2 equivalents) in THF (1 mL/mmol). The mixture was 
warmed to room temperature by removal of the ice bath and vigorously stirred for further 
4 h. Triethylamine hydrochloride was filtered off on a sintered funnel under suction. 
Removal of solvent from the filtrate imder vacuo yielded a residue, which was dissolved 
in EtOAc (~ 2mL/mmol) and washed with saturated aqueous solution of NaHCOj, water 
and brine. Drying (Na 2 S 04 ) and evaporation of solvent under vacuo yielded the crude 
product which was further purified by column chromatography (EtOAcrHexane) to yield 
the required product usually as semi solids in moderate to good yields. 
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as side product. _ 

Synthesis of methyl-N-clnnatnoyl-LH>roline-L-leucinate (5a) 

Syntnesis o y v ^ n am 10 mmol) and tnethylamine (1.4 

A stirring solution of N-cinnamoyl-pro ® , q oq jjj an ice-salt bath and to it was 

10 mmol) to TOT (15 ^d”,Ll vigorously for 50 - 60 

added ”i®thylchloroformate (0.7 ^ hydrochloride (2.00 gm, 11 mmol) in 

seconds. Then a solution cnlntion of triethylamine (3.1 mL, 22 mmol) in 

DMSO (0.5 mL) was added followed reLval of the ice bath 

™F a5 mL| Tie was filtered off on a 

and vigorously stirred for furt • Removal of solvent from the 

sintered toel under suction ™ l,ed in EtOAc (30 mL) and 

filtrate under vacuo yielded a (2X10mL), water (2X10mL) and 

SIS?'.);-." s 

proltae-L-leucinate as a solid (M.P. = 1 10 “C) m good yield (80 /.), Mb -170. ( 

O.Ol.CHjCy- 

3 W A76 ft I 4-47 (^21^1.73 ft 

3H), 3J0 - 3.61 (m, 2H). 2,51 - 146 (^ l^ifl, 2P6 - 2_03 ft. W. 

(OT«^278:To 59 2«6.5,2872.i 1744,8. 1649.6 1598.1. 1542.1. 1498.0. 1425,3 

Synthesis of methyl-N-cinnamoyl-L-proline-L-isoleucinate 5b 

A stirring solution of N-cinnamoyl-proline (1.23 5 mmol) and hiethylamine (0.7 

5 mmol) in THF (10 mL) was cooled to -5 °C in an ice-salt bath and to it was ad e 
methylchloroformate (0.39 mL, 5 mmol) and stirred vigorously for 50 ' 
a solution of methyl-L-isoleucinate hydrochloride (998 mg 5.5 mmol) m DMSO (4-5 
mL) was added followed by a solution of triethylamine (1.6 mL, 11 ^ol) m THb ( 
mL). The mixture was warmed to room temperature by removal of toe ice bath and 
vigorously stirred for further 4 h. Triethylamine hydrochlonde was filtered on ^ 
sintered funnel under suction. Removal of solvent from toe filtrate under vacuo yielded a 
residue, which was dissolved in EtOAc (20 mL) and washed with saturated aqueous 
solution of NaHC 03 (2X10mL), water (2X10mL) and brine (IXlOmL). Drying (N^S^) 
and evaporation of solvent under vacuo yielded toe cmde product which was^fiiraer 
purified by column chromatography ^tOAc;Hexane-l:1.5) (TLC - Rf “ 0.45; 
hexane:etoylacetate l.Stl) to yield metoyl-N-cinnamoyl-L-proline-L-isoleucinate as a 
solid (M.P. = 15 1-154 °C) in good yields (70 %). 

‘H NMR, 60 MHz, CDCI 3 , 5 7.92 (d, J = 8 Hz, IH), 7.76 (d, J = 15 Hz, IH), 7.65 - 7.24 
(m, 5H), 6.92(d, J = 15 Hz, IH), 4.87(d, J = 8.0 Hz, IH), 4.56 (dd, J = 12 Hz & 8 Hz, 
IH), 3.84 (s, 3 H), 3.80 - 3.62(m, 2H), 2.72 - 2.61 (m, IH), 2.53 - 2.41 (ih, IH), 2.24 - 
1 .96 (m, 3H), 1 .32 (dt, J = 22.4 Hz & 1 1.2 Hz, IH), 0.94 (dd, J = 9.6 Hz & 3 Hz, 6 H). 
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Synthesis of dimethyl-N-cinnamoyl-L-proline-L-aspartate 5c 

A stirring solution of N-cinnamoyl-proline (2.45 gm, 10 mmol) and triethylamine (1.4 
mL, 10 mmol) in THF (15 mL) was cooled to -5 °C in an ice-salt bath and to it was 
added isobutylchloroformate (1.30 mL, 10 mmol) and stirred vigorously for 50 - 60 
seconds. Then a solution of dimethyl-L-aspartate hydrochloride (2.18 gm, 11 mmol) in 
DMSO (4-5 mL) was added followed by a solution of triethylamine (3.1 mL, 22 mmol) 
in THF (15 mL). The mixture was warmed to room temperature by removal of the ice 
bath and vigorously stirred for further 4 h. Triethylamine hydrochloride was filtered off 
on a sintered fuimel under suction. Removal of solvent from the filtrate xmder vacuo 
yielded a residue, which was dissolved in EtOAc (30 mL) and washed with saturated 
aqueous solution of NaHCOj (2X10mL), water (2X10mL) and brine (1X1 OmL). Drying 
(Na2S04) and evaporation of solvent under vacuo yielded the crade product which was 
further purified by column chromatography (EtOAc:Hexane-l:1.8) (TLC - Rf = 0.40; 
hexane: ethylacetate 1.8:1) to yield dimethyl-N-cinnamoyl-L-proline-L-aspartate as a 
gum in moderate yields (65 %) 

80 MHz ‘H NMR CDClj 5 7.68 (d, J = 16 Hz, IH), 7.48 (d, J = 7.6 Hz, IH), 7.33(s, 5H), 
6.68 (d, J = 16 Hz, IH), 4.76 (d, J = 9 Hz, IH), 4.66 (dd, J = 8.4 Hz & 3.6 Hz, IH), 3.84 - 
3.79 (m, IH), 3.72 (s, 3H), 3.69 (s, 3H), 3.66 - 3.60 (m, IH), 2.89 (dd, J = 8 Hz & 5.6 
Hz, IH), 2. 10 - 1 .97 (m, 2H). 

Synthesis of methyl-N-cinnamoyl-L-proline-L-phenylalaninate (5d) 

A stirring solution of N-cinnamoyl-proline (2.45 gm, 10 mmol) and triethylamine (1.4 
mL, 10 mmol) in THF (15 mL) was cooled to -5 °C in an ice-salt bath and to it was 
added methylchloroformate (0.77 mL, 10 mmol) and stirred vigorously for 50 - 60 
seconds. Then a solution of methyl-L-phenylalninate hydrochloride (2.37 gm, 11 mmol) 
in DMSO (5 mL) was added followed by a solution of triethylamine (3.1 mL, 11 mmol) 
in THF (15 mL). The mixture was warmed to room temperature by removal of the ice 
bath and vigorously stirred for further 4 h. Triethylamine hydrochloride was filtered off 
on a sintered funnel under suction. Removal of solvent from the filtrate imder vacuo 
yielded a residue, which was stirred with saturated aqueous solution of NaHCOj (20mL) 
for 15 minutes upon which, a solid precipitated. The aqueous bicarbonate layer was 
decanted and the solid was washed with water (2X1 OmL) and filtered on a sintered 
fuimel imder suction. Drying of the solid on a cellulose filter paper in a desiccator under 
vacuo yielded the crude product which was further purified by column chromatography 
(EtOAc:Hexane-l:1.5) (TLC - Rf = 0.40; hexane:ethylacetate 1.5:1) to yield methyl-N- 
cinnamoyl-L-proline-L-phenylalaninate as a solid (M.P. = 41-43 °C) in good yields (80 
%). [alo^ = -102° (c=0.004, CHjCy. 

‘H NMR, CDCI3, 400 MHz, 5 7.80 (d, J = 8 Hz, IH), 7.73 (d, J = 15.4 Hz, IH), 7.57 - 
7.51 (m, 2H), 7.43 - 7.39 (m, 3H), 7.19 - 7.10 (m, 5H), 6.67 (d, J = 15.4 Hz, IH), 4.84 
(dt, J = 8.1 Hz & 5.4 Hz, IH), 4.73 (d, J = 7.6 Hz, IH), 3.73 (s, 3H), 3.54 - 3.51 (m, 2H), 
3.19 (dd, J = 13.9 Hz & 5.4 Hz, IH), 2.96 (dd, J = 13.9 Hz & 8 Hz, IH), 2.42 - 2.39 (m, 
IH), 1.98 - 1.900 (m, 2H), 1.79 - 1.72 (m, IH). 

Synthesis of methyl-N-cinnamoyl-L-leucine^jrollnate (9a) 

A stirring solution of N-cinnamoyl-L-leucine (1.30 gm, 5 mmol) and triethylamine (0.7 
mL, 5 mmol) in THF (10 mL) was cooled to -10 °C in an ice-salt bath and to it was 
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added methylchloroformate (0.38 mL, 5 mmol) and stirred vigorously for 50 - 60 
seconds. Then a solution of methyl-L-prolinate hydrochloride (916 mg, 5.5 mmol) in 
DMSO (2 mL) was added followed by a solution of triethylamine (1.6 mL, 1 1 mmol) in 
THF (10 mL). The mixture was warmed to room temperature by removal of the ice bath 
and vigorously stirred for further 4 h. Triethylamine hydrochloride was filtered off on a 
sintered funnel under suction. Removal of solvent from the filtrate under vacuo yielded a 
residue, which was dissolved in EtOAc (20mL) and washed with saturated aqueous 
solution of NaHCOa (2X10mL), water (2X10mL) and brine (IXlOmL). Drying (Na 2 S 04 ) 
and evaporation of solvent under vacuo yielded the crude product which was further 
purified by column chromatography (EtOAc:Hexane-l:1.5) (TLC - Rf = 0.50; 
hexane:ethylacetate 1.5:1) to yield methyl-N-cinnamoyl-L-leucine-L-prolinate as a gum, 
in good yields (61 %). 

‘HNMR, 60 MHz, CDCI3, 5 7.72(d, J = 16Hz, IH), 7.59(d, J = 8.9Hz, IH), 7.50- 
7.16(m,5H), 6.47(d, J = 16Hz, IH), 5.16(dd, J = 9Hz & J = 5.6Hz, IH), 4.58(dd, J = 
10.2Hz & J = 4.8Hz, IH), 4.13(d, J = 11.2Hz, IH), 3.65(s, 3H), 3.64-3.60(m, IH), 2.30- 
2.12(m, 3H), 2.10-1.99(m, IH), 1.76-1.49(m, 3H), .0.96(d, J = 5.6Hz, 6H). 

Synthesis of methyl-N-cinnamoyl-L-leuclne-{4-fra/is-hydroxy)L-prolinate 

A stirring solution of N-cinnamoyl-L-leucine (1.3 gm, 5 mmol) and triethylamine (0.7 
mL, 5 mmol) in THF (10 mL) was cooled to -10 °C in an ice-salt bath and to it was 
added methylchloroformate (0.38 mL, 5 mmol) and stirred vigorously for 50 - 60 
seconds. Then a solution of methyl-4-frawj-hydroxy-L-prolinate hydrochloride (1.00 gm, 
5.5 mmol) in DMSO (3 mL) was added followed by a solution of triethylamine (1.6 mL, 
1 1 mmol) in THF (15 mL). The mixture was warmed to room temperature by removal of 
the ice bath and vigorously stirred for further 4 h. Triethylamine hydrochloride was 
filtered off on a sintered funnel under suction. Removal of solvent from the filtrate under 
vacuo yielded a residue, which was dissolved in EtOAc (20 mL) and washed with 
saturated aqueous solution of NaHC 03 (2X10mL), water (2X1 OmL) and brine 
(IXlOmL). Drying (Na 2 S 04 ) and evaporation of solvent under vacuo yielded the crude 
product which was further purified by column chromatography (EtOAc:Hexane- 1.5:1) 
(TLC - Rf = 0.50; hexane : ethylacetate 1:1.5) to yield methyl-N-cinnamoyl-L-leucme-(4- 
/ran5-hydroxy)L-prolinate as a gum, in moderate yields (52 %). 

‘H NMR, 80 MHz, CDCI3, 5 7.56 (d, J = 16.8 Hz, IH), 7.42 - 7.06 (m, 5H), 6.88 (d, J = 
11.2 Hz, IH), 6.33 (d, J = 16.8 Hz, IH), 4.78 (dd, J = 17.6 Hz & 9.6 Hz, IH), 4.59 -4.31 
(m, 2H), 3.84 (d, J = 8.0 Hz, IH), 3.67 (dd, J = 8.0 Hz «& J = 4.8 Hz, IH), 3.61(s, 3H), 
2.08 (dd, J = 15.2 Hz & 5.6 Hz, 2H), 1.75 - 1.22 (m, 3H), 0.86 (d, J = 6.6 Hz, 6H). 

Synthesis of methyl-N-cinnamoyl-L-valine-L-proiinate (9c) 

A stirring solution of N-cinnamoyl-L-valine (1.24 gm, 5 mmol) and triethylamine (0.7 
mL, 5 mmol) in THF (10 mL) was cooled to -10 °C in an ice-salt bath and to it was 
added methylcMoroformate (0.38 mL, 5 mmol) and stirred vigorously for 50 - 60 
seconds. Then a solution of methyl-L-prolinate hydrochloride (916 mg, 5 mmol) in 
DMSO (2 mL) was added followed by a solution of triethylamine (1.6 mL, 1 1 mmol) in 
THF (10 mL). The mixture was warmed to room temperature by removal of the ice bath 
and vigorously stirred for further 4 h. Triethylamine hydrochloride was filtered off on a 
sintered funnel under suction. Removal of solvent from the filtrate under vacuo yielded a 
residue, which was dissolved in EtOAc (20 mL) and washed with saturated aqueous 
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solution of NaHCOj (2X10mL), water (2X10mL) and brine (IXlOmL). Drying (NajSOJ 
and evaporation of solvent under vacuo yielded the crude product which was further 
purified by colunm chromatography (EtOAc:Hexane-l:1.5) (TLC - Rf = 0.50; hexane : 
ethylacetate 2:1) to yield methyl-N-cinnamoyl-L-valine-L-prolinate as a gum, in 
moderate yields (50 %). 

'H NMR, 80 MHz, CDCI3, 5 7.59 (d, J = 17Hz, IH), 7.25 (s, 5H), 6.75 (d, J = 8Hz, IH), 
6.53 (d, J = 17Hz, IH), 4.68 (dd, J = 17.6Hz & 6.5Hz, IH), 4.34 (dd, J = 14.4Hz & 
2.9Hz, IH), 3.62 (s, 3H), 3.50 - 3.22 (m, 2H), 2.15 - 1.98 (m, 2H), 1.95 - 1.58 (m, 3H), 
0.89 (d, J = 8.8Hz, 6H) 

Synthesis of methyi-N-cinnamoyl-L-valine-L-(4-frans-hydroxy)-L-prolinate 
(9e) 

A stirring solution of N-cinnamoyl-L-valine (2.47 gm, 10 mmol) and triethylamine (1.4 
mL, 10 nunol) in THF (25 mL) was cooled to -10 °C in an ice-salt bath and to it was 
added methylchloroformate (0.77 mL, 10 mmol) and stirred vigorously for 50 - 60 
seconds. Then a solution of methyl-4-trans-hydroxy-L-prolinate hydrochloride (2.00 gm, 
1 1 mmol) in DMSO (5 mL) was added followed by a solution of triethylamine (3.1 mL, 
22 mmol) in THF (20 mL). The mixture was warmed to room temperature by removal of 
the ice bath and vigorously stirred for further 4 h. Triethylamine hydrochloride was 
filtered off on a sintered funnel under suction. Removal of solvent from the filtrate under 
vacuo yielded a residue, which was dissolved in EtOAc (40 mL) and washed with 
saturated aqueous solution of NaHCOj (2X10 mL), water (2X10 mL) and brine (1X10 
mL). Drying (Na 2 S 04 ) and evaporation of solvent under vacuo yielded the crude product 
which was further purified by column chromatography (EtOAc:Hexane- 1.5:1) (TLC - Rf 
= 0.40; hexane : ethylacetate 1:1.5) to yield methyl-N-cinnamoyl-L-valine-(4-rran5- 
hydroxy)-L-prolinate as a gum, in moderate yields (44 %). 

'H NMR, 80 MHz, CDCI3, 6 7.63 (d, J = 8.8Hz, IH), 7.56 (d, J = 19Hz, IH), 7.48 - 7.03 
(m, 5H), 6.56 (d, J = 19Hz, IH), 4.64 (dd, J = 18.4Hz & 9.6Hz, IH), 4.55(d, J = 8Hz, 
IH), 4.51-4.42 (m, IH), 4.12 (dd, J = 17.6Hz & 9Hz, 2H), 3.69 (s, 3H), 2.30 (dt, J = 
19.2Hz & 9.6Hz, IH), 2.28 - 2.16(m, IH), 0.98(d, J = 8Hz, 6H) 

Synthesis of methyl>N-(3'-chloro-cinnamoyl)-L-pheny[alanine-L>prolinate 
(9f) 

A stirring solution of N-(3'-chloro-cinnamoyl)-L-phenylalanine (1.00 gm, 3 mmol) and 
triethylamine (0.42 mL, 3 mmol) in THF (10 mL) was cooled to -10 °C in an ice-salt bath 
and to it was added methylchloroformate (0.23 mL, 3 mmol) and stirred vigorously for 
50 - 60 seconds. Then a solution of methyl L-phenylalaninate hydrochloride (711 mg, 3.3 
mmol) in DMSO (1.5 mL) was added followed by a solution of triethylamine (0.92 mL, 
6.6 mmol) in THF (10 mL). The mixture was warmed to room temperature by removal of 
the ice bath and vigorously stirred for further 4 h. Triethylamine hydrochloride was 
filtered off on a sintered funnel under suction. Removal of solvent from the filtrate under 
vacuo yielded a residue, which was dissolved in EtOAc (30 mL) and washed with 
saturated aqueous solution of NaHC 03 (2X10 mL), water (2X10 mL) and brine (1X10 
mL). Drying (Na 2 S 04 ) and evaporation of solvent under vacuo yielded the crude product 
which was filler purified by column chromatography (EtOAc:Hexane-l:1.5) (TLC - Rf 
= 0.50; hexane : ethylacetate 1:1) to yield methyl-N-(3'-chloro-cinnamoyl)-L- 
phenylalanine-L-prolinate as a solid (M.P.= 76 - 78 °C), in moderate yields (58 %). 
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added methylchloroformate hydrochloride (1.27 gm, 5.5 mmo ) m 

seconds. Then a (1-6 mL, 11 mmol) in 

DMSO (5 i^) was added follow y temperature by removal of the ice bath 

THF (15 mL). The mixture was ^ d^^^ hydrochloride was filtered on ^ 

and vigorously sUrred over ^ ^^gnt from the filtrate under vacuo yielded a 

sinteredfiinnelunder suction. Remova f ^1 saturated aquews 

residue, which was dissolved m CHj hrine (1X1 OmL). Drying (Na^Sa) 

as a gum. m 

moderate yields (32 %). 

NMR, 60 8^4" i%%^.66\aI^ = 9Hz, IH), 

Synthesis of methyi-N<innamoyi4.-valineH4.frans^cetoxy)^ 
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Triethylamine (0.33 mL, 3.3 mmol) and DMAP (catalytic amount) were added to it 
followed by freshly distilled acetic anhydride (454 mg). The reaction mixture was stirred 
at ice-cold temperature for 0.5 h and then stirred at room temperature over night. The 
reaction was quenched with water (2 mL) and stirred for 15 minutes. The reaction 
mixture was subsequently washed with water (2X1 OmL), saturated aqueous "solution of 
NaHC03 (2X1 OmL) and brine (2X1 OmL). Drying the organic layer (anhyd. Na2S04) and 
concentration in vacuo resulted in a residue which was purified by column 
chromatography (EtOAc:Hexane-l:l) (TLC - Rf = 0.5; hexane : ethylacetate 2:3) to yield 
methyl-N-ciimamoyl-L-valine-(4-rran5-acetoxy)-L-prolinate as a gum, in good yields (78 
%). 

‘ H NMR, 80 MHz, CDCI3, 5 7.53 (d, J = 19.2 Hz, IH), 7.38 - 7.16 (m, 5H), 6.69(d, J = 
8.8 Hz, IH), 6.38 (d, J = 19.2 Hz, IH), 5.27 (dt, J = 8.8Hz & 4Hz, IH), 4.53 (dd, J = 
12.8Hz & 5.6Hz, IH), 4.48 (dd, J = 10.4Hz & 4Hz, IH), 3.86 (dd, J = 11.2Hz & 5.6Hz, 
IH), 3.73 (dd, J = 5.8Hz & 3.2Hz, IH), 3.53 (s, 3H), 2.31 (dt, J = 8Hz & J = 3.8Hz, IH), 
2.12 (dd, J = 11.2Hz & 3.7Hz, IH), 1.94 (s, 3H), 1.91-1.79 (m, IH), 0.89 (d, J = 8Hz, 
6H). 

Synthesis of methyl-N-cinnamoyl-L-leucine-(4-frans-acetoxy)-L-prolinate 
(9b) 

Methyl-N-cinnamoyl-L-leucine-(4-rran5-hydroxy)-L-prolinate (930 mg, 2.5 mmol) was 
dissolved in dry DCM (15 mL) and the reaction vessel was cooled in an ice bath. 
Triethylamine (0.38 mL, 2.7 mmol) and DMAP (catalytic amount) were added to it 
followed by freshly distilled acetic anhydride (380 mg). The reaction mixture was stirred 
at ice-cold temperature for 0.5 h and then stirred at room temperature over night. The 
reaction was quenched with water (2 mL) and stirred for 15 minutes. The reaction 
mixture was subsequently washed with water (2X1 OmL), saturated aqueous solution of 
NaHC03 (2X10mL) and brine (IXlOmL). Drying the organic layer (aiihyd. Na2S04) and 
concentration in vacuo resulted in a residue which was purified by column 
chromatography (EtOAc:Hexane-l:l) (TLC - Rf = 0.55; hexane : ethylacetate 2:3) to 
yield methyl-N-cirmamoyl-L-leucine-(4-tra«5-acetoxy)-L-prolinate as a gum, in good 
yields (82 %). 

‘H NMR, 60 MHz, CDCI3, 6 7.85 (d, J = 8Hz, IH), 7.70 (d, J = 16Hz, IH), 7.62 - 7.35 
(m, 5H), 6.65 (d, J = 16Hz, IH), 5.50 (m, IH), 5.05 (dd, J = 12Hz & 5.6Hz, IH), 4.82 
(dd, J = 9Hz & 4Hz, IH), 4.30 (dd, J = 9Hz & 4.8Hz, IH), 4.10 (d, J = 10.2Hz, IH), 3.85 
(s, 3H), 2.43 (dd, J = 8Hz & 2.4Hz, 2H), 2.23 (s, 3H), 1.87 - 1.60 (m, 3H), 0.97 (dd, J = 
8Hz & 4.5Hz, 6H) 

Synthesis of methyl-N-cinnamoyl-(0-acetyl)-L-tyrosinate (14) 

Methyl-N-cinnamoyl-L-tyrosinate (687 mg, 2 mmol) was dissolved in dry DCM (12 mL) 
and the reaction vessel was cooled in an ice bath. Triethylamine (0.3 1 mL, 2.2 mmol) and 
DMAP (catalytic amount) were added to it followed by freshly distilled acetic anhydride 
(0.303 mg, 3 mmol). The reaction mixture was stirred at ice-cold temperature for 0.5 h 
and then stirred at ibom temperature over night. The reaction was quenching with water 
(1 mL) and stirred for 15 minutes. The reaction mixture was subsequently washed with 
water (2X1 OmL), saturated aqueous solution of NaHC03 (2X1 OmL) and brine 
(IXlOmL). Drying the organic layer (anhyd. Na2S04) and concentration in vacuo resulted 
in a residue which was purified by column chromatography (EtOAc;Hexane-l:2) (TLC - 
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R, = 0.4; hexane ; ethylacetate 1.5:1) to yield methyl-N-cinnamoyl-(0-acetyl)-L- 
tyrosinate as a gum, in good yield (76 %). 


NMR, 400 MHz, CDCI3, 5 7.72 (d, J = 16Hz, IH), 7.63-7.15 (m, 5H0, 7.50 (d, J = 
5.6Hz, 2H), 7.09 (d, J = 5.6Hz, 2H), 6.50 (d, J = 16Hz, IH), 5.05 (dd, J - 16.8Hz & 
7.4Hz’ IH), 3.72 (s, 3H), 3.17 (d, J = 7.2Hz, 2H), 2.23 (s, 3H) 


Synthesis of methyl-N-cinnamoyl-(0-crotonoyl)-L-tyrosinate (15) 

Methyl-N-cinnamoyl-L-tyrosinate (343 mg, 1 mmol) was dissolved in dry DCM (6 mL) 
and the reaction vessel was cooled in an ice bath. Triethylamine (0. 16 mL, 1 . 1 mmol) and 
DMAP (catalytic amount) were added to it followed by freshly distilled acetic anhydride 
(0.15 mg, 1.5 mmol). The reaction mixture was stirred at ice-cold temperature for 0.5 h 
and then stirred at room temperature over night. The reaction was quenching with water 
(0.5 mL) and stirred for 15 minutes. The reaction mixture was subsequently diluted with 
DCM (10 mL) and washed with water (2X5 mL), saturated aqueous solution of NaHCOj 
(2X5 mL) and brine (1X5 mL). Drying the organic layer (anhydrous Na^SOJ and 
concentration in vacuo resulted in a residue, which was purified by column 
chromatography (EtOAc in Hexane-33 %) (TLC - Rf = 0.4; hexane : ethylacetate 2.5:1) 
to yield methyl-N-cinnamoyl-(0-crotonoyl)-L-tyrosinate as a gum, in good yields (65 

%). 


‘H NMR, 400 MHz, CDCI3, 5 7.85 (d, J = 16.1 Hz, IH), 7.65 & 7.62 (d, J = 3.9, IH), 
7.49 - 7.47 (m, IH), 7.41 - 7.40 (m, IH), 7.35 - 7.33 (m, 3H), 7.17 (d, J = 8.2 Hz, 2H), 
7.10 (d, J = 8.2 Hz, 2H), 7.03 (d, J = 8.1 Hz, IH), 6.60 (d, J = 16.1 Hz, IH), 6.44 (dd, J = 
15.6 Hz & 5.6 Hz, IH), 5.03 (td, J = 13.7 Hz & 6 Hz, IH), 3.73 (s, 3H), 3.19 (dd, J = 14.6 
Hz & 8 Hz, 2H), 1.95 (dd, J = 7.2 Hz & 1.4 Hz, 3H) 

General Procedure for the Polyaniline Supported Cobalt(il)salen (PASCOS) 
catalysed Epoxidation of N-Cinnamoyl-dipeptides: 

To a solution of the N-cinnamoyl-dipeptide methyl ester (1 equivalent) in CH 3 CN (5 
mL/mmol) was added 2 -methylpropanal (2 equivalents) and PASCOS catalyst*' (~5 mg) 
and the contents were stirred imder oxygen atmophere at RT for 12 h. After this time, a 
fresh lot of the catalyst and 2 -methylpropanal (2 equivalents)* were added to the reaction 
mixture and allowed to stir, until complete conversion of the olefin (TLC).® The catalyst 
was filtered off on a cintered funnel and acetonitrile was removed in vacuo. The resulting 
residue was taken in EtOAc and washed successively with saturated solution of NaHCOj, 
water and brine. Separating the organic phase, drying and concentration in vacuo, yielded 
the corresponding oxirane containing peptide in high purity and yields (HPLC). These 
epoxides were further subjected to column chromatography (silica gel; EtOAc:Hexane) 
for purification to get to the pure epoxides in excellent yields. 

* The catalyst should be washed thoroughly with acetonitrile until the wash is constanly 
colorless. Impurities in the catalyst were foimd to hinder the formation of epoxide. 

* The aldehyde neede to be added in four equivalents for optimum and best conversions. 
Isobutyraldehyde can also be taken in lots of 3 equivalents and then 1 equivalent. 
However, lesser reaction times were realised by adding it in lots of 2 equivalents each. 

® Pre-coated fluorescent silica plates and Silica gel-G coated glass plates were used as 
immobile phase. TLC plates were visualised in 12 chamber and under U.V. light, (254 
nm). Characteristically, all the N-cinnamoyl peptides show up as excellent bright spots 
under U.V. light, whereas the epoxides show up as very light spots under U.V. light. 
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Synthesis of methyl-N-(3-phenyiglycidyl)-proline-leucinate (10a) 

To a solution of the methyl-N-cinnamoyl-proline-leucinate (744 mg, 2 mmol) in CH 3 CN 
(10 mL) was added 2-methylpropanal (288 mg, 4 mmol) and PASCOS catalyst (~5 mg) 
and the contents were stirred under oxygen atmophere at RT for 12 h. After this time, a 
fresh lot of the catalyst and 2-methylpropanal (288 mg, 4 mmol) were added to the 
reaction mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf = 
0.5; EtOAc:Hexane - 1:1). The catalyst was filtered off on a cintered funnel and 
acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) 
and washed successively with saturated solution of NaHCOj (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Separating the organic phase, drying (NajSOJ and 
concentration in vacuo, yielded the corresponding oxirane containing peptide 10 a in high 
purity and yields (HPLC). This was further subjected to column chromatography (silica 
gel; EtOAciHexane - 2:3) for purification to get to the pure epoxide 10a as solid (M.P. = 
°C) in excellent yields (86 %) [ajo^ = -124° (c = 0 . 01 , CHjClj). 

'H NMR 400 MHz, CDCI 3 6 7.34 - 7.20 (m, 5 H). 7.15 (d, J = 7.9 Hz, IH), 4.67 (d, J = 

5.6 Hz, IH), 4.49 (t, J = 4.2 Hz, IH), 4.03 (d, J = 3.6 Hz, IH), 3.73 (s, 3H), 3.61 (d, J = 

3.6 Hz, IH), 3.57 (m, 2H), 2.39 - 1.89 (m, IH), 0.93 (dd, J = 6.6 Hz, 6 H); MS m/z 389, 
339, 307, 281, 269, 244, 216, 209, 181, 154, 136; IRv,^ 3200 (br), 3030, 2910, 2880, 
1760, 1655 cm ’ 

Synthesis of methyl-N-(3-phenylglycidyl)-proline- phenylalaninate (10b) 

To a solution of the methyl-N-cinnamoyl-proline-phenylalaninate (609 mg, 1.5 mmol) in 
CH 3 CN (7.5 mL) was added 2-methylpropanal (216 mg, 3 mmol) and PASCOS catalyst 
(~5 mg) and the contents were stirred under oxygen atmophere at RT for 12 h. After this 
time, a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added to 
the reaction mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf 
= 0.5; EtOAc:Hexane - 1:1). The catalyst was filtered off on a cintered funnel and 
acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) 
and washed successively with saturated solution of NaHC 03 (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Separating the organic phase, drying (NajSOJ and 
concentration in vacuo, yielded the corresponding oxirane containing peptide 10b in high 
purity and yields (HPLC). This was further subjected to column chromatography (silica 
gel; EtOAc:Hexane - 2:3) for purification to get to the pure epoxide 10b as a gum in 
excellent yields (84 %) [aJo^ = -57° (c = 0.018, CH^Cy. 

’H NMR, 60 MHz, CDCI3, 5 7.50 - 7.36 (m, 5H), 7.25 (d, J = 7 Hz, IH), 7.14 (s, 5H), 
4.83 (dd, J = 8.6 Hz & 4 Hz, IH), 4.70 (d, J = 11 Hz, IH), 3.83 (d, J = 5.1 Hz, IH), 3.67 
(s, 3H0, 3.62 (d, J = 5.1 Hz, IH), 3.58 - 3.49 (m, IH), 3.48 - 3.39 (m, IH), 3.10 (dd, J = 
1 1 Hz & 4.5 Hz, 2H), 2.55 - 2.36 (m, IH), 2.05 (s, IH), 2.00 - 1.74 (m, 2H) 

Synthesis of methyl-N-(3-phenylglycidyl)-proline-isoleucinate (10c) 

To a solution of the methyl-N-cinnamoyl-proline-isoleucinate (632 mg, 1.7 mmol) in 
CHjCN (8 mL) was added 2 -methylpropanal (245 mg, 3.4 mmol) and PASCOS catalyst 
(~5 mg) and the contents were stirred under oxygen atmophere at RT for 12 h. After this 
time, a fresh lot of the catalyst and 2 -methylpropanal (245 mg, 3.4 mmol) were added to 
the reaction mixture and allowed to stir, xmtil complete conversion of the olefin (TLC - Rf 
= 0.45; EtOAc:Hexane - 1:1). The catalyst was filtered off on a cintered fimnel and 
acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) 
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and washed successively with saturated solution of NaHC03 (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Separating the organic phase, drying (Na^SO^) and 
concentration in vacuo, yielded the corresponding oxirane containing peptide 10c in high 
purity and yields (HPLC). This was further subjected to column chromatography (silica 
gel; EtOAc:Hexane - 2:3) for purification to get to the pure epoxide 10c as a gum in 
excellent yields (80 %) = -15° (c = 0.02, CHjCy. 

‘H NMR, 60 MHz, CDCI3, 5 7.50 (d, J = 7 Hz, IH), 7.22 (s, 5H), 4.55(t, J = 7.5 Hz,l H), 
4.43(dd, J = 9.5 Hz & 6 Hz,lH), 3.96 (d, J = 4.1 Hz, IH), 3.78 - 3.70(m, IH), 3.61 (s, 
3H), 3.54 (d, J = 6.8 Hz, IH), 3.50 - 3.44 (m, IH), 2.21 (d, J = 8 Hz, IH), 2.18 - 1.95(m, 
2H), 1.90 - 1.73(m, IH), 1.15 (q, J = 6.5 Hz, 2H), 1.17 - 1.15 (m, IH), 0.82 (d, J = 8.8 
Hz, 6H); MS m/z 388, 373, 357, 307, 269, 257, 244, 209, 181, 154, 136 

Synthesis of dlmethyl-N-( 3 -phenylglycidyl)-prollne-aspartate (lOd) 

To a solution of the methyl-N-cinnamoyl-proline-aspartate (776 mg, 2 mmol) in CH3CN 
(10 mL) was added 2-methylpropanal (288 mg, 4 mmol) and PASCOS catalyst (~5 mg) 
and the contents were stirred under oxygen atmophere at RT for 12 h. After this time, a 
fresh lot of the catalyst and 2-methylpropanal (288 mg, 4 mmol) were added to the 
reaction mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf = 
0.5; EtOAc:Hexane - 1:1). The catalyst was filtered off on a cintered funnel and 
acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) 
and washed successively with saturated solution of NaHC03 (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Separating the organic phase, drying (Na2S04) and 
concentration in vacuo, yielded the corresponding oxirane containing peptide lOd in high 
purity and yields (HPLC). This was further subjected to column chromatography (silica 
gel; EtOAc:Hexane - 2:3) for purification to get to the pure epoxide lOd as a gum in 
excellent yields (81 %) = -72° (c = 0.02, CH2CI2). 

‘H NMR, 400 MHz. CDCI3, 5 7.52 (d, J = 8.3 Hz, IH), 7.35 - 7.32 (m, 5H), 4.85 (dd, J = 
8 Hz & 4.1 Hz, IH), 4.62 (t, J = 3.6 Hz, IH), 4.14 & 4.08 (d, J = 5.7 Hz, 0.5H each), 3.82 
(dt, J = 9.8 Hz & 4.2 Hz, IH), 3.74 (s, 3H), 3.69 (s, 3H), 3.65 - 3.61 (m, IH), 3.58 (d, J = 
5.7 Hz, IH), 2.92 (dd, J = 20 Hz & 15.1 Hz, 2H), 2.36 - 2.33 (m, IH), 2.27 - 2.19 (m, 
IH), 2.15-2.10 (m, IH), 1.90 (bs, IH) 

Synthesis of Methyl-N-(3>phenylglycidyl)-leucine-prolinate (11a) 

To a solution of the methyl-N-ciimamoyl-leucine-prolinate (558 mg, 1.5 mmol) in 
CH3CN (7.5 mL) was added 2-methylpropanal (216 mg, 3 mmol) and PASCOS catalyst 
(~5 mg) and the contents were stirred under oxygen atmophere at RT for 12 h. After this 
time, a fresh lot of the catalyst and 2-melhylpropanal (216 mg, 3 mmol) were added to 
the reacti on mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf 
= 0.5; EtOAc:Hexane - 2:3). The catalyst was filtered off on a cintered fimn ftl and 
acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) 
and washed successively with saturated solution of NaHCOj (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Separating the organic phase, drying (Na2S04) and 
concentration in vacuo, yielded the corresponding oxirane containing peptide 11a in high 
purity and yields (HPLC). This was further subjected to column chromatography (silica 
gel; EtOAc:Hexane - 2:3) for purification to get to the pure epoxide 11a in good yields 
(72 %) [alo'' = -54° (c = 0.01, CH2CI2). 
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H NMR, 300 MHz, CDCI3, 5 7.34 (s, 3H), 7.27 (s, 2H), 6.96-6.80 (dt, J = 14.4Hz & J = 
;. 7 Hz, IH), 4.52(t, J = 3.9Hz, IH), 3.87 (bs, IH), 3.73 (s, 3H), 3.65(m, IH), 3.50(dt, J = 
;Hz «& J = 3Hz, IH), 2.21-2.09(m, IH), 2.07-1.96(m, 2H), 1.82-1.62(m, IH), 1.58(t, J = 
•. 5 Hz, IH), 1.52(t, J = 6 Hz, IH), 0.99(d, J = 6 Hz, 3H), 0.95(dd, J = 9Hz & J = 3Hz, 3H) 

Synthesis of Methyl<N-(3-phenylglycidyl)-leucine-(4-frans-acetoxy)- 
>rolinate (11b) 

’o a solution of the methyl-N-cinnamoyl-leucine-( 4 -tr£zn 5 -acetoxy)-prolinate (430 mg, 1 
omol) in CH 3 CN (5 mL) was added 2-methylpropanal (144 mg, 2 mmol) and PASCOS 
atalyst (~5 mg) and the contents were stirred under oxygen atmophere at RT for 12 h. 
i.fter this time, a fresh lot of the catalyst and 2-methylpropanal (144 mg, 2 mmol) were 
dded to the reaction mixture and allowed to stir, until complete conversion of the olefin 
TLC - Rf = 0.45; EtOAc:Hexane - 3:2). The catalyst was filtered off on a cintered funnel 
nd acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 
oL) and washed successively with saturated solution of NaHCOj (2X10 mL), water 
2X10 mL) and brine (1X10 mL). Separating the organic phase, drying (Na 2 S 04 ) and 
oncentration in vacuo, yielded the corresponding oxirane containing peptide lib in high 
urity and yields (HPLC). This was further subjected to column chromatography (silica 
;el; EtOAcrHexane - 2:3) for purification to get to the pure epoxide 11b in good yields 
78 %) = - 124° (c = 0.015, CHjClj). 

HNMR, 60 MHz, CDCI3, S 7.53(d, J = 8 Hz, IH), 7.32(s, 5H0, 5.25(m, IH), 4.75(dd, J = 
1 . 6 Hz & J = 5.2Hz, IH), 4.48(t, J = 8 Hz, IH), 4.50-4.37(m, IH), 4.16(d, J = 6.5Hz, IH), 
.98(d, J = 4.5Hz, IH), 3.80-3.68(m, IH), 3.60(s, 3H), 3.46(d, J = 4.45Hz, IH), 2.22(dd, 
= 7.6Hz & J = 3.2Hz, 2H), 2.00(s, 3H), 1.66-1.40(m, 3H), 0.92(d, J = 6 . 6 Hz, 6 H); MS 
x/z 447 (M^), 401, 327, 281, 267, 251, 221, 207, 188, 154, 136 

Synthesis of Methyl-N-(3-phenylgiycidyl)-valine>prolinate (11c) 

’o a solution of the methyl-N-cinnamoyl-proline-leucinate (413 mg, 1.2 mmol) in 
H 3 CN (7 mL) was added 2-methylpropanal (173 mg, 2.4 mmol) and PASCOS catalyst 
~5 mg) and the contents were stirred under oxygen atmophere at RT for 12 h. After this 
[me, a fresh lot of the catalyst and 2-methylpropanal (173 mg, 2.4 mmol) were added to 
le reaction mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf 
= 0.5; EtOAc:Hexane - 3:2). The catalyst was filtered off on a cintered funnel and 
cetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) 
nd washed successively with saturated solution of NaHCOj (2X10 mL), water (2X10 
iL) and hrine (1X10 mL). Separating the organic phase, drying (Na 2 S 04 ) and 
oncentration in vacuo, yielded the corresponding oxirane containing peptide 11c in high 
urity and yields (HPLC). This was further subjected to column chromatography (silica 
el; EtOAc:Hexane - 2:3) for purification to get to the pure epoxide 11c as a gum in 
xcellent yields (92 %) [ajo^ = -57° (c = 0.005, CHjClj). 

H NMR, 80 MHz, CDCI3, 8 7.49-7.13(m, 5H), 6.19(d, J = 8 . 8 Hz, IH), 4.98(dd, J = 
2.8Hz J = 5.1Hz, IH), 4.45(dd, J = 11.2Hz & 4.8Hz, IH), 3.87(d, J = 6 . 6 Hz, IH), 
.65(d, J = 4.9Hz, IH), 3.55(s, 3H), 3.41(dd, J = 8 Hz & 4.2Hz, IH), 3.34(d, J = 6 . 6 Hz, 
H), 2.44-2.03(m, 2H), 2.00-1.97(m, IH), L90-L8(m, IH), 0.91(d, J = 6 . 6 Hz, 6 H) 
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synthesis of Methy.-N^3«glycldyl)-valine^4.«rans^cetoxy)-^^^^ 

fresh lot of the catalyst and 2-methyl^op2al ^ 

reaction mixture and allowed to stir, m i _ P a cintered funnel and 

0.5; EtOAc:Hexane - 1:1). The was taken in EtOAc (25 mL) 

acetonitrile was removed m vacuo. Th . ^aHCOs (2X10 mL), water (2X10 
and washed successively with saturated organic phase, drying (NajSOJ and 

„i) and brine (^^lO 

concentration in -cuo Vield^ chromatography (silica 

^^EtS^cCnf 2:§ .0 geti pure epoxide lid as an od >n good 

yields (56 %). 

^r.N^i 2 T A 7 oorc VtVi 6 78fdd, J = 6.1Hz & 5.6Hz, IH), 5.26- 

IH), 0.74(d, J = 8.8Hz, 6H) 

Synthesis of Methyl.N.(3-phenylglycldyl)-vallneH4.trens-hydroxy)-prol,nate 

?o ^’solution of the methyl-N.eiimamoyl-v^e<4-wm-hy.tox^^ 

mmoD in CHaCN (10 mL) was added 2-methylpropanal (288 mg, * ut fnr 1 9 Vi 

ratalvst ("-5 me) and the contents were stirred under oxygen atmophere at RT for 1 . 

ik time a fresh lot of the catalyst and 2.methylpropanal (288 mg, 4 n^ol) were 
^:i“’action tnixttre and allowed to stir until 

ITLC - R, = 0.5; EtOAc:Hexane - 1:1). The catalyst was filtered off on a cmtet^ toel 

S acetonitrile was removed in vacuo. The resulting 'ter 

mL) and washed successively with saturated solution of NfflCO, (2X10 ^),w^ 
(2X10 mL) and brine (1X10 mL). Separating the orgamc plme, drymg ^^SO.) md 
concentration in vacuo, yielded the corresponding oxirane conmi^g^tide H®- 
was further subjected to column chromatography (silica get; EtOAc.Hexane - 
purification to get to the pure epoxide lie in moderate yields (48 /o). 


'H NMR, 80 MHz, CDC1„ 6 7.26(d, I = 8Hz, IH), 7.12(s, 5H), ^^^(t, J - 9_6Hz llfl, 
4 38ft J = 6.5Hz IH), 4.24-4.16(m, IH), 3.8(dd, J = 14.4Hz & 9.6Hz, IH), 3.76(bs, IH), 
3.56(s, 3H), 3.39(bs, IH), 2.09(dt, J = 17.6Hz & 8Hz, 2H), 1.98-1.88 (m, IH), 0.78 (d, J 


= 8Hz, 6H) 

Synthesis of Methyl-3-(m-chlorophenyl)glycidyl-phenylalanlne-prolinate 

(Ilf) 

To a solution of the Methyl-N-(3'-chlorocimiamoyl)-phenylalanine-prolinate (883 ^, 2 

mmol) in CH3CN (10 mL) was added 2-methylpropanal (288 mg, 4 mmol) and PAbLU^ 
catalyst (~5 mg) and the contents were stirred under oxygen atmophere at RT for 12 h. 
After this time, a fresh lot of the catalyst and 2-methylpropanal (288 mg, 4 nmol) were 
added to the reaction mixture and allowed to stir, until complete conversion of the oletm 


168 



Part A Section n 


Epoxidations and P-Phenylisoserines: Experimental Section 


(TLC - Rf = 0.45; EtOAc:Hexane - 1:1). The catalyst was filtered off on a cintered funnel 
and acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 
mL) and washed successively with saturated solution of NaHCOj (2X10 mL), water 
(2X10 mL) and brine (1X10 mL). Separating the organic phase, dr 3 dng (NajSOJ and 
concentration in vacuo, yielded the corresponding oxirane containing peptide Ilf in high 
purity and yields (HPLC). This was further subjected to column cliromatography (silica 
gel; EtOAc:Hexane - 2:3) for purification to get to the pure epoxide Ilf as a gum in 
excellent yields (89 %). 

‘H NMR, 300MHz, CDClj, 5 7.36(d, J = 6 Hz, IH), 7.28 - 7.00 (m, 9H), 5.02 (t, J = 9 
Hz, IH), 4.46 (dd, J = 15 Hz & 8.6 Hz, IH), 4.06 (dd, J = 7.8 Hz & 4 Hz, IH), 3.75(d, J = 
2.4 Hz, IH), 3.66 (s, 3H), 3.60 (d, J = 2.4 Hz, IH), 3.45(dd, J = 6 Hz & 1.5 Hz, IH), 3.08 
( dd, J = 6 Hz & 1.5 Hz, IH), 2.16 (bs, IH), 2.10 - 1.97 ( m, IH), 1.95 - 1.86 (m, IH), 

1.87 - 1.76 (m, IH); MS m/z- 457(M^), 305, 277 

Synthesis of methyl-N>(3-phenylglyciciyi)-(0>acetyl)-tyrosinate (16) 

To a solution of the methyl-N-cinnamoyl-(0-acetyl)-tyrosinate (368 mg, 1 mmol) in 
CH 3 CN (5 mL) was added 2-methylpropanal (144 mg, 2 mmol) and PASCOS catalyst 
(~5 mg) and the contents were stirred under oxygen atmosphere at RT for 12 h. After this 
time, a fresh lot of the catalyst and 2-methylpropanal (144 mg, 2 mmol) were added to 
the reaction mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf 
= 0.5; EtOAc:Hexane - 2:3). The catalyst was filtered off on a cintered funnel and 
acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) 
and washed successively with saturated solution of NaHCOj (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Separating the organic phase, drying (Na 2 S 04 ) and 
concentration in vacuo, yielded the corresponding oxirane containing peptide 16 in high 
purity and yields (HPLC). This was further subjected to column chromatography (silica 
gel; EtOAc:Hexane - 1 : 2 ) for purification to get to die pure epoxide 16 as a gum in 
excellent yields (78 %). 

‘H NMR, 60 MHz, CDCI3, 6 7.84(d, J = 8 . 8 Hz, IHO, 7.55-7.25(m, 5H), 7.03(d, J = 
3.8Hz, 2H), 6.96(d, J = 3.8Hz, 2H), 4.83(dt, J = 19.2Hz & J = 8 . 8 Hz, IH), 3.84(d, J = 
2.4Hz, IH), 3.59(s, 3H), 3.44(d, J = 2.4Hz, IH), 3.00(t, J = 7.2Hz, 2H), 2.16(s, 3H) 

Synthesis of methyl>N-(3>phenylglycidyi)-(0-crotonoyl)-tyrosinate (17) 

To a solution of the methyl-N-cinnamoyl-(0-crotonoyl)-tyrosinate (394 mg, 1 mmol) in 
CH 3 CN (5 mL) was added 2-methylpropanal (144 mg, 2 mmol) and PASCOS catalyst 
(~5 mg) and the contents were stirred under oxygen atmophere at RT for 12 h. After this 
time, a fresh lot of the catalyst and 2-methylpropanal (144 mg, 2 mmol) were added to 
the reaction mixture and allowed to stir, until complete conversion of tiae olefin (TLC - Rf 
= 0.5; EtOAc:Hexane - 1:1). The catalyst was filtered off on a cintered fuimel and 
acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) 
and washed successively with saturated solution of NaHC 03 (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Separating the organic phase, drying (Na 2 S 04 ) and 
concentration in vacuo, yielded the corresponding oxirane containing peptide 17 in high 
purity and yields (HPLC). This was further subjected to column chromatography (silica 
gel; EtOAc:Hexane - 2 : 3 ) for purification to get to the pure epoxide 17 as a gum in 
excellent yields (86 %). 
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'H NMR, CDClj, 400 5, 7 33 - 7.24 (m 3H), '^2^1 m)! 449 & 

Synthesis of methyl-N-(3-phenylglycidyl)4eucinate (21a) 

TO a soluhon of me4yl-N— J 

of the caodys, -d (^LC - R, = 0.5; 

mixlme and allowed ‘ ‘ washed off on a cintered funnel and acetonitrile 

EtOAc:Hexme - '-D- ^ res^tine residue was taken in EtOAc (25 mL) and washed 
was removed m vacuo. The vr^urn (2X10 mL) water (2X10 mL) and brine 

sueeessively with saturate soluhou of NaHOT^a^O^ . ™ 

(1X10 mL). Separating the organic phase, c^i g ( ^ a) miritv and vields 

v dded the corresponding oxirane containing peptide 21a in high punty and yields 
^fci Ms ™ fuAer subjected to column chrormtography (silica pi; 
MActoe - 2™ for purification m get to the pure epoxide 21a as a gum m excellent 

yields (88 %) [a]^^ = +8° (c = 0.001, CHjCli). 

'H NMR 60 MHz, CCl,, 5 7.69 - 7.28 (m. 5H). - “*.76 (uh IH), 3-9^ (41 = ^.3 

3 32 Id J = 2.3 Hz, IH), 1.65 - 1.45 (m, 2H), 1.35 - 1.30 |m, IM), i.iu 

(d, J = 6 nk 6H); m. (Neat): v„,„ 3430 - 3290 (hr), 1730, 1640, 1520 cm 

Synthesis of Methyl-N-(3-phenylglycidyl)-valinate (21 b) 

To a solution of the methyl-N-cinnamoyl-vaUnate (522 ^g, 2 mmol) in (10 ni) 

was S 2-methylpropial (288 mg, 4 mmol) and PASCOS catalyst (~5 mg)^d the 
contents were stirred under oxygen atmophere at KT for 12 h. After &is time a ftesh 
of the catalyst and 2-methylpropanal (288 mg, 4 n>mol) ^ere added to the reac^^^^^^ 
mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf 0.5, 
EtOAc:Hexane - 1:3.3). The catalyst was filtered off on a cintered funnel and acetomtnle 
was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) and washed 
successively with saturated solution of NaHCO3(2X10 mL), water (2X10 n^) md brine 
(1X10 mL). Sqiarating the organic phase, drying (Na 2 S 04 ) and concentration in vacuo, 
yielded the corresponding oxirane containing peptide 21b in high punty and yields 
(HPLC). T his was further subjected to column chromatography (silica gel, 
EtOAc:Hexane - 1:4) for purification to get to the pure epoxide 21b as a gum in excellent 
yields (87). 


'H NMR 60 MHz, CDCI3, 8 7.7 - 7.20 (m, 5H), 4.7 2 - 4.43 (m, IH), 3.93 (d, J - 4fc, 
IH), 3.75 (s, 3 H), 3.5 (d, J = 4 Hz, IH), 2.3 - 2.25 (m, IH), 0.98 (d, J - 6 Hz, 6 H); IR : 

3430 - 3280 Osr), 1735, 1660, 1520 cm ■* 

Synthesis of methyl-N-(3-phenylglycidyl)-phenylalamnate (21c) 

To a solution of methyl-N-cinnamoyl-phenyalaninate (620 mg, 2 mmol) in GH 3 CN (10 
mL) was added 2 -methylpropanal (288 mg, 4 mmol) and PASCOS catalyst (~5 mg) and 
the contents were stirred under oxygen atmophere at RT for 12 h. After this time, a fresh 
lot of the catalyst and 2 -methylpropanal (288 mg, 4 mmol) were added to the reaction 
mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf = 0.4, 
EtOAc:Hexane - 1:3). The catalyst was filtered off on a cintered funnel and acetonitrile 
was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) and washed 
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successively with saturated solution of NaHCOj (2X10 mL), water (2X10 mL) and brine 
(1X10 mL). Separating the organic phase, drying (Na2S04) and concentration in vacuo, 
yielded the corresponding oxirane containing peptide 21c in high purity and yields 
(HPLC). This was further subjected to column chromatography (silica gel; 
riOAc:Hexane - 1:3) for purification to get to the pure epoxide 21c as solid in excellent 
yields (82 %). 

*H NMR 60 MHz, CDCI3, 5 7.52 - 6.78 (m, lOH), 6.72 (bs, IH), 4.82 - 4.69 (m, IH), 3.8 
(d, J = 2.5 Hz, IH), 3.7 (s, 3H), 3.15 (d, J = 2.5 Hz, IH), 3.0 (d, J = 6 Hz, 2H); IR (Neat): 
v„,3„ 3330 - 3280 (br), 1735, 1640, 1520 cm'* 

Synthesis of methyl-N-(3-phenylgiycidyi)-prolinate (23) 

To a solution of methyl-N-cinnamoyl-prolinate (518 mg, 2 mmol) in CH3CN (10 mL) 
was added 2-methylpropanal (288 mg, 4 mmol) and PASCOS catalyst (~5 mg) and the 
contents were stirred under oxygen atmophere at RT for 12 h. After this time, a fresh lot 
of the catalyst and 2-methylpropanal (288 mg, 4 mmol) were added to the reaction 
mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf = 0.5; 
EtOAc:Hexane - 1:2). The catalyst was filtered off on a cintered funnel and acetonitrile 
was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) and washed 
successively with saturated solution of NaHCO3(2X10 mL), water (2X10 mL) and brine 
(1X10 mL). Separating the organic phase, drying (Na2S04) and concentration in vacuo, 
yielded the corresponding oxirane containing peptide 23 in high purity and yields 
(HPLC). This was further subjected to coliram chromatography (silica gel; 
EtOAc:Hexane - 2:3) for purification to get to the pure epoxide 23 as a gum in excellent 
yields (90 %)[a]D“ = -58° (c = 0.0018, CH2CI2). ' ■ 

‘H NMR 400 MHz, CDCI3 5 7.36 - 7.27 (m, 5H), 4.63 (dt, J = 8 Hz & 3.6 Hz, IH), 4.14 
(s, 0.5H), 4.08 (s, 0.5H), 3.84 (dd, J = 10.4 Hz & 8 Hz, IH), 3.74 (s, 3H), 3.61 (dd, J = 
3.6 Hz & 0.8 Hz, IH), 3.42 (s, IH), 2.33 - 1.90 (m, 4H); IR (Neat) v„,„ 3440 - 3280 (br), 
1790, 1725, 1660, 1520 cm'* 

3-phenyl-(2S,3S)-oxy propanol (24) 

Compound 24 was synthesised according to the Sharpless epoxidation procedure.^*® 

'H NMR, CDCI3, 400 MHz, 5 7.37 - 7.24 (m, 5H), 4.01 (dd, J = 12.7 Hz & 2.9 Hz, IH), 
3.90 (d, J = 2.2 Hz, IH), 3.74 (dd, J = 12 Hz & 6.8 Hz, IH), 3.21 (td, J = 4.1 Hz & 2.2 
Hz, IH), 2.71 (bs, IH) [ajp^ = -49 ° (c = 0.01, CH^Clj) 

Synthesis of niethyl-3-phenyl-(2R,3S)-glycyl-prolinate (26) 

Ru(ni)Cl.H20 (7.5 mg, 33 pM) was added to a stirring biphasic mixture of the 
corresponding epoxy alcohol (150 mg, 1 mmol), sodium periodate (643 mg, 3 mmol) and 
sodium bicarbonate (420 mg, 5 mmol) in CCI4 (2 mL), acetonitrile (2 mL) and water (3 
mL). After 42 h of stirring additional amounts of RUCI3 (7.6 mg, 34 pM) and 
sodiumperiodate (157 mg) were added and stirring continued for Ih to complete the 
reaction. Then dichloromethane (8 mL) was added and the small amount of water (until 
phase separation occurred). The pH of the water layer was adjusted to 4 and the aqueous 
layer was extracted with dichloromethane. Acidification and extraction were repeated 
until the pH remained constant. The combined layers were dried (Na2S04) and taken in a 
clean dry flask. Triethylamine (0.2 mL, 1.5 mmol) was added to it and the reaction vessel 
was cooled to -5 °C in a ice-salt bath. Isobutylchloroformate (0.13 mL, 1 mmol) was 


171 



and 3 -Phenylisoserines: Experimental Section 


Part A Section II 


raXL /Ik- X* — 

added to it and stirred for 0 5 

R£r"o~der vacuum ^dded a^r^gj. was ^en m^EtOA^^^^d 

washed with saturated aqueous soMtio ^ subjected to colu^ 

organic layer was dried and A as a gum in moderate yields (36 %) [ajo = 

clnomatography to yield the required product as a gum 

-203 ° (c = 0.001, CH 2 CI 2 ). 

„ f o / ^^1T^ A rdd J ~ 8.3 Hz & 4.4 Hz, IH), 

‘H NN®. 400 MHz. CDCl, 5 7.40 3k), 3.65 - 3.61 (m, IH), 3.59 

4.07 & 3.99 (d. J = 2 Hz, IH), 3.86 -3 80 (m, IH), 373 (8 3 ) _ ^ ^ ^ _ 

(d, J - 2 Hz, IH), 2.29 - 2.18 (m, IH), 277 - M9 m H). 

1.90 (tn,lH);IR (Neat) v_ 3440- 3280 (br),179U,i/ , 

Synthesis of methyl-3.phenyK2R,3S).glycyl-proline.leuc.nate (2 ) 

^ iL jt\ r^AAc^A tn fi stirnnfi biph3.sic mixture of the 

RuCIIIjCl.HjO (7.5 mg, 33 ^ mmol) sodium periodate (643 mg, 3 mmol) and 

corresponding epoxy alcohol (150 mg, o mL) acetonitrile (2 mL) and water (3 

sodium bicarbonate (420 mg, 5 n^ol) n 6 mg, 34 pM) and 

mL). After 42 h of stirring adchhonal for Ih to com% the 

sodiumperiodate (157 A ^s added Ld the small amount of water (until 

reaction. Then dichlorometoe ( 4 

phase separation ^ Acidification and extraction were repeated 

layer was extracted with dichlorome • (Na2S04) and taken in a 

until the pH remained consent ^ ^ to it and the reaction vessel 

oleaudryfla^ ^ (0.13 mL. 1 ^ol) w. 

was cooled to -5. C m a ice solution of methyl-L-prolme-L-leucmate 

^^SfreoST^graphy m yiaM ^^1") “ " 

yields (31 %, M.P. - 105-107 ”C) [ak“ = -191 (c = 0.0018, CH,CU. 




■HNMR, CDCl,, 400 MHz. 8 7.30 - 7.26 ^ 7.25 ' <^io“ {o 

H7 \m 4 58 (dd J = 8.1 Hz & .2 Hz, IH), 4.41 (dd, J = 13.2 Hz & 7.8 Hz, IH), 4.ui^ , 

J = 1.44 Hz IH), 3.70 (dd, J = 8.5 Hz & 3.6 Hz, IH), 3.64 (s, 3H), 3.52 0^’ ” * 
im 1 AS (A T =N 44 Hz IH) 2.32 (tt J = 6.1 Hz & 2.4 Hz, IH), 2.12 - 2.05 (m, IH), 
1.94 - 1.75 (m, 2H), 1.69 1.45 (m, 2H), 1.16 (bs, IH), 0.86 (d, J = 5.6 Hz, 3H), 0.84 (d, 

J = 5.6 Hz, 3H); MS mh 388(M^), 281, 269, 244, 209, 181, 154 

Synthesis of methyl-N-(methyloxycarbonyl)-pronnate ( 28 ) 

A stirrine solution of methyl-L-prolinate hydrochloride (0.83 gm, 5 mmol) m THF (10 
and DMSO (2 mL) wL cooled to -5 T and to it was ad« methyl chlorofo^te 
(0.39 mL) followed by drop wise addition of a solution of taethylamme (1.53 mb, i 
mmol) in THF (15 mL) at that temperature. The reaction mixture was warmed to roorn 
temperature after complete addition of the amine and further stirred for 2 h.^Removal ot 
solvent gave a residue which was taken in EtOAc (25 mL) and washed with a saturated 
aqueous solution of NaHCOj, water and brine. The resulting organic layer was dned and 
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concentrated in vacuo to give a gummy residue (0.719 gm), which was taken for 
hydrolysis. 

Synthesis of methyl-N-(methyloxycarbonyl)-proiine (29) 

To a solution of methyl-(N-methyloxycarbonyl)-L-prolinate (0.719 gm, 4.1 mmol) in 
MeOH (8 mL) was added a solution of Li 0 H.H 20 (0.17 gm, 4.1 mmol) in water (2 mL) 
and the reaction mixture was stirred for 3 h. Removal of solvent yielded a residue to 
which was added CHjClj (20 mL) followed by drop wise addition of IN HCl while 
stirring, until complete acidification of the lithium salt. The organic layer was separated 
and washed with saturated aqueous solution of NaHCOj, water and brine. The resulting 
organic layer was dried and concentrated to give the cmde acid in good yields (583mg, 
88 %) as a gum. 

Synthesis of methyl-N-(methyloxycarbonyl)-proline leucinate (30) 

To a solution of N-methyloxycarbonyl-L-proline (0.583 mg, 3.6 mmol) in THF ( 7.5 mL) 
was added triethylamine (0.5 mL, 3.6 mmol) was added to it and the reaction vessel was 
cooled to -5 °C in a ice-salt bath, methylchloroformate (0.40 mL, 3.6 mmol) was added to 
it and stirred for 50-55 sec. A solution of methyl-L-leucinate hydrochloride (0.653 mg, 
3.6 mmol) in DMSO (1.5 mL) was added to it and stirred vigorously for 3-4 h. Removal 
of solvent under vacuum yielded a residue, which was taken in EtOAc and washed with 
saturated aqueous solution of NaHCOj, water and brine. The resulting organic layer was 
dried and concentrated to give a residue, which was subjected to column chromatography 
to yield the required product as a gum in good 5 delds (0.691 gm, 2.4 mm ol, 65 %). 

Synthesis of methyl-proline-leucinate.hydrochloride (31) 

Methyl-(N-methyloxycarbonyl)-L-proline-L-leucinate (0.69 gm, 2.4 mmol) was taken in 
a clean dry flask and to it was added a 4N HCl solution in MeOH (5 mL), The reaction 
mixture was stirred for 0.5 h. Removal of solvent yielded a residue, which was washed 
with ether (2X10 mL) and dried under vacuo for 3-4 h to yield the hydrochloride salt as 
a solid (M.P. 70-72 °C) in good yield (557 mg, 2 mmol). 

P-Phenylisoserine Derived Peptides 

General Procedure for the Hydroxyamination of N-cinnamoyipeptides 

To the methyl-N-cinnamoyl-diepeptide (1 equivalent) in acetonitrile (5 mL/mmol), 2 - 
methylpropanal (2 equivalents) and catalytic amounts of the polyaniline supported 
cobalt(II)salen (PASCOS) (~5mg) catalyst were added and the resulting solution was 
stirred under oxygen atmosphere for 12 h, after which a ftesh lot of the catalyst and 2 - 
methylpropanal (2 euivalents) were added and the reaction was stirred to completion 
(TLC - Rf = 0.5 - EtOAcrHexane - 1.1), After complete conversion of the olefin to the 
glycidic amide, the oxygen balloon was removed and a fresh lot of catalyst was added to 
the reaction mixture followed by die aromatic amine (1 equivalent) of choice. After 
stirring until complete consumption of the epoxide and formation of the product (TLC - 
Rf = 0.5 - EtOAc:Hexane - 1.1), the catalyst was filtered xmder suction through a sintered 
tunnel and washed with acetonitrile. The combined filtrate was concentrated in vacuum 
to yield a residue which was taken in minimum volmne of CCI 4 and hexane was added to 
it drop wise. A dark brown residue precipitated. The mother liquor was decanted and the 
residue was washed repeatedly with CCl 4 ;hexane solvent mixture, until complete removal 
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• » tr. ffpt to the B-phenylisoserine derived peptide in high 

leucinate (3) (lAA me 2 mmol) in acetonitrile 

To a solution and PASCOS (-s’tng) catalyst were added 

(10 mL). 2 -metliylpropanal P** ' atmosphere for 12 h, after which a 

and the resulting solution was sti nimol) were added and the 

fresh lot of the catalyst and EmeiHexane - 1:1)). After 

reaction was stirred to ^ ^je, the oxygen balloon ™ ti^moved 

complete conversion of the oleim to g ^ mixture followed by p-amsidine (246 

andaftesh lot of catalyst was repoxide L formation of 

mg, 2 - 3 : 2 ), washing of the unreacted material as 

the product (TLC - Rf d.P b -hexane save the 6 -phenylisosenne denved 

totg«'^LQ’L goodVlds (62 %), predominantly as the anti 

NMR 400 MHz, CDCI 3 ^ ^4 64 (d!T=T2 4.52 

Hz, 2H), 6.51 (d, J = 9 Hz, 2H), 4J3 (d, J _ > ^ ^ ^ 2H), 

(d, J = 7.6 Hz, IH), 4.48 (dd, J = « 1^. U 7 1 47 (-, 4H), 0.92 (’d, J = 

MlS: m 0.89 = « hI’ 3H); Ft'iR (ciAi: 3286.7, 2957.3, 2870.6, 1744.3, 

1649.0, 1510.2, 1438, 1367.5, 1242 

Synthesis of methyl-N-(p-methylphenyl)-p-phenylisoserine-leuclne.(4-(rans- 

acetoxy)prormate (9b,) 

To a solution of methyl-N-ciimamoyldeucine<4.iran5-acetoxy)prol^^^^^ pTImq 

Iloll ta Sto^Sle (7.5 niL), 2 -meihylpropanal (216 mg, 3 mmol) and PASCOS 
f-Sme) catalyst were added and the resulting solution was stirred under ™ygen 

imoShere for 12 h, after which a fresh lot of die oatMyst f j® 

mg 3 mmol) were added and the reaction was stirred to completion (TLC - ^ 0.5 

EtOAc-Hexane - 1:1). After complete conversion of the olefin to the glycidic amide, 
oS^nSoon was removed and a fresh lot of catalyst was added to the reaction mix^ 
foufwedbyp-toluedine (160 mg, 1.5 mmol). After stirring mtil complete consumption 
of the epoxide and formation of the product (TLC - R, - 0.6 - EtOAc.Hexme - . 
washing*^ of the imreacted material as described in the general proc^me, with 
CCl 4 :hexane gave the p-phenylisoserine derived peptide 9bi in high punty (HPLC) and 
good yields (59 %), predominantly as the anti diastereomer. 

(anti-diastereomer) ‘H NMR, 300 MHz, CDCI 3 , 5 7.40 (d, J = 7.2 Hz IH). 735 - 7.14 (^ 
5 H), 6.91 (d, J = 8.1 Hz, 2 H), 6.54 (d, J = 8.4 Hz, 2H), 5.39 - 5 38 ^m IH), 4 77 (d, J - 
4 5 Hz IH), 4.81 (d, J = 4.5 Hz, IH), 4.70 - 4.62 (m, IH), 4.54 (t, J - 8.4 Hz, IH), 4,49 
4.43 (til, 1^, 3.86 - 3.83 (m, IH), 3.71 (s, 3H), 3.58 - 3.44 (m, IH), 2.5 - 2-34 2H), 

2.18 (s, 3H), 2.08 (s, 3 H), 1.56 - 1.50 (m, IH), 1.47 - 1.41 (m, 2H), 0.94 (d J ^ 
0 88 (dd, J = 6.3 Hz & 2.7 Hz, 3H); MS m/z 553(M0, 357, 327, 268, 196, 143, 91; IR. 

vl,,,: 3380(s), 3300, 3220, 2930, 1730, 1660, 1600 cm-' 

(syn-diastereomer) 'H NMR, 300 MHz, CDCI 3 , 6 7.40 - 7.35 (m, 3H), 7.20 - 7-21 (ffl> 
3H), 6.90 (d, J = 9 Hz, 2H), 6.56 (d, J = 6 Hz, 2H), 4.89 -4.86 (m, IH), 4.87 (dd, J - 3 Hz 
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& 6 Hz , 2H), 4.59 - 4.50 (m, 3H), 3.99 - 3.96 (m, IH), 3.85 - 3.81 (m, IH), 3.73 (s, 3H), 
2.37 - 2.48 (m, 2H), 2.18 (s, 3H), 2.05 (s, 3H), 1.32 - 1.26 (m ,1H), 1.24 - 1.14 (m, IH), 
1.00 - 0.89 (m, IH), 0.78 (dd, J = 9 Hz & 6 Hz, 3H), 0.72 (t, J = 6 Hz, 3H); MS m/z: 553, 
357, 327, 268, 196, 143, 91 

Synthesis of methyl-N-(p-methoxyphenyl)-p-phenylisoserine*ieucine-(4- 
trans-acetoxy)prolinate (Sbj) 

To a solution of metliyl-N-cinnamoyl-leucine-( 4 -?ran 5 '-acetoxy)prolinate (642 mg, 1.5 
mmol) in acetonitrile (7.5 mL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS 
(~ 5 mg) catalyst were added and the resulting solution was stirred under oxygen 
atmosphere for 12 h, after which a fresh lot of the catalyst and 2 -methylpropanal (216 
mg, 3 mmol) were added and the reaction was stirred to completion (TLC - Rf = 0.5 - 
EtOAcrHexane - 1:1). After complete conversion of the olefin to the glycidic amide, the 
oxygen balloon was removed and a fresh lot of catalyst was added to the reaction mixture 
followed by p-anisidine (185 mg, 1.5 mmol). After stirring rmtil complete consumption 
of the epoxide and formation of the product (TLC - Rf = 0.5 - EtOAc:Hexane - 3:2), 
washing of the unreacted material as described in the general procedure, wi& 
CCl 4 :hexane gave the p-phenylisoserine derived peptide 9 b 2 in high purity (HPLC) and 
good yields (62 %), predominantly as the anti diastereomer. 

(anti-diastereomer) *H NMR, 300 MHz, CDCI 3 , 6 7.36 - 7.34 (m, 2H), 7.33 - 7.24 (m, 
3H), 6.94 (d, J = 9.3 Hz, IH), 6.70 (d, J = 12 Hz, 2H), 6.59 (d, J = 12 Hz. 2H), 5.36 (m, 
IH), 4.71 (dd, J = 10 Hz & 5.1 Hz, IH), 4.44 t, J = 2.4 Hz, IH), 4.39 (dd, J = 8.1 Hz & 3 
Hz, IH), 3.70 (s, 3H), 3.69 (s, 3H), 3.62 - 3.44 (m, 2H), 2.02 - 1.94 (s, 3H), 1.57 - 1.50 
(m, 3H), 1.47 (d, J = 4.5 Hz, IH), 1.17 (d, J = 6 Hz, IH), 0.95 (d, J = 6 Hz, 3H). 0.89 (dd, 
J = 6.3Hz &4.5 Hz, 3H); MS m/z: 569(M^), 357, 327, 212, 187, 107; IR: v„„ 3400, 3355, 
3060, 2850, 1735, 1600 cm 

(syn-diastereomer) 'H NMR, 300 MHz, CDCI 3 , 6 7.36 - 7.33 (m, 2H), 7.27 - 7.17 (m, 
3H), 6.98 (d, J = 8.6 Hz, IH), 6.67 (d, J = 8.8 Hz, 2H), 6.59 (d, J = 8.8 Hz, 2H), 5.36 - 
5.33 (m, IH), 4.82 (dd, J = 6.3 Hz & 3.7 Hz, IH), 4.60 - 4.55 (m, 2H), 4.48 (t, J = 8.1 Hz, 
IH), 3.98 (dd, J = 4.9 Hz & 12 Hz, IH), 3.82 (dd, J = 11.3 Hz & 4.9 Hz, IH), 3.70 (s, 
3H), 3.67 (s, 3H), 2.39 - 2.37 (m, IH), 0.96 - 0.88 (m, 2H), 0.76 (t, J = 6.1 Hz, 3H), 0.702 
(dd, J = 9 Hz, 6.6 Hz, 3H); MS m/z: 569(M^), 357, 327, 212, 187, 107; 

Synthesis of methyl>N-(p-bromophenyl)-p-phenylisoserine-leucine>(4-trans- 
acetoxy)prolinate (Sbj) 

To a solution of methyl-N-ciimamoyl-leucine-( 4 -n*an 5 -acetoxy)prolinate (645 gm, 1.5 
mmol) in acetonitrile (7.5 mL), 2 -methylpropanal (216 mg, 3 mmol) and PASCOS 
(~5mg) catalyst were added and the resulting solution was stirred under oxygen 
atmosphere for 12 h, after which a fresh lot of the catalyst and 2 -methylpropanal (216 
mg, 3 mmol) were added and the reaction was stirred to completion (TLC - Rf = 0.5 - 
EtOAc:Hexane - 1 : 1 ). After complete conversion of the olefin to the glycidic amide, the 
oxygen balloon was removed and a fresh lot of catalyst was added to the reaction mixture 
followed by p-bromoaniline (259 mg, 1.5 mmol). After stirring until complete 
consumption of the epoxide and formation of the product (TLC - Rf = 0.4 - 
EtOAc:Hexane - 1 : 1 ), washing of the unreacted material as described in the general 
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'H NMR, CDCls, 300 MHz, 6 7.83 - 7.71 (m, IH), 7.56 (d, J = 4.2 Hz, IH), 7.40 - 7.36 
(m, 2H), 7.26 - 7.16 (m, 7H), 7.12 (d, J = 6.3 Hz, 2H), 6.90 (d, J = 8.4 Hz, 2H), 6.49 (d, J 
= 8.4 Hz, 2H), 4.85 - 4.73 (m, 3H), 4.39 (d, J = 7.5Hz, IH), 3.73 (s, 3H), 3.56 - 3.51 (m, 
2H), 3.32 -3.12 (m, 2H), 2.99 - 2.88 (m, 2H), 2.44 - 2.42 (m, IH), 2.17 (s, 3H), 1.97 - 
1.94 (m, IH); MS m/z: 529 (M+), 333, 196 IR: 3300, 3030, 2900, 1715, 1675 cm 

Synthesis of methyl - N - (p-methoxyphenyl) - p - phenylisoserine- proiine - 
phenylalninate (SCa) 

To a solution of methyl-N-cinnamoyl-proline- phenylalaninate (610 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2 -methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - Rf = 0.45 - EtOAcrHexane - 1:1). After 
complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by p-anisidine (184 
mg, 1.5 mmol). After stirring until complete consumption of the epoxide and formation 
of the product (TLC - Rf = 0.5 - EtOAc:Hexane - 3:2), washing of the unreacted material 
as described in the general procedure, wifti CCl 4 :hexane gave the P-phenylisoserine 
derived peptide 9 c 2 in high purity (HPLC) and good yields (56 %), predominantly as the 
anti diastereomer. 

(anti-diastereomer) ‘H NMR, CDCI 3 , 300 MHz, 5 7.53 (dd, J = 5.4 Hz & 3Hz, IH), 7.42 
(dd, J = 5.4 Hz & 2.4 Hz, 2H), 7.38 - 7.24 (m, 6 H), 7.1 l(d, J = 6.6 Hz, IH), 6.84 (d, J = 
9.9 Hz, IH), 6.71 (d, J = 5.1Hz, 2H), 6.55 (d, J = 6.3 Hz, 2H), 4.80 - 4.76 (m, IH), 4.70 
(dd, J = 13.8 Hz & 4.2 Hz, IH), 4.55 (dd, J = 10.2 Hz & 4.5 Hz, IH), 4.37 (d, J = 7.2 Hz, 
IH), 4.08(d, J = 6.6 Hz, IH), 3.83 - 3.78 (m, IH), 3.76 (s, 3H), 3.68(s, 3H), 3.25 - 3.50 
(m, IH), 3.13 (dd, J = 14.1Hz & 8.4 Hz, IH), 2.83 - 2.92(m,lH), 2.43 - 2.39 (m, 2H), 
2.20 - 2.14 (m, 2H); MS m/r. (M+ = 545 absent), 212, 149; IR: v^ : 3390(br), 3300, 
3080,2880, 1660, 1600 cm 

(sys diastereomer) ‘H NMR, CDCI 3 , 300 MHz, 8 7.40 (d, J = 6.9 Hz, 2H), 7.25 - 7.14 (m, 
8 H), 7.10 (d, J = 6.6 Hz, 2H), 6.98 ( 6 s, IH), 6.67 (d, J = 9.6 Hz, 2H), 4.78 (dd, J = 10.2 
Hz & 4.2 Hz, IH), 4.41 (t, J = 6 Hz, IH), 4.32 - 4.18 (m, IH), 4.08 (d, J = 6.6 Hz, IH), 
3.80 - 3.70 (m, IH), 3.68 (s, 3H), 3.61 (s, 3H), 3.49 - 3.46 (m, IH), 3.23- 3.20(m, IH), 
3.08 - 3.02 (m, 2H), 2.28 (d, J = 9.6 Hz, IH), 2.18 (d, J = 9.3 Hz, IH), 2.08 - 2.01(m, 
2 H); MS m/z: 545(M0, 438, 212, 149 

Synthesis of methyl - N - (p-bromophenyi)- p - phenylisoserine • proiine - 
phenylalninate (SCj) 

To a solution of methyl-N-cinnamoyl-proline- phenylalaninate (610 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2 -methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - Rf - 0.45 - EtOAc:Hexane - 1:1). After 
complete conversion of the olefin to ftie glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by p-bromoaniline 
(260 mg, 1.5 mmol). After stirring until complete consumption of the epoxide and 
formation of the product (TLC - Rf = 0.5 - EtOAc:Hexane - 1:1.22), washing of the 
unreacted material as described in the general procedure, with CCl 4 :hexane gave the P- 
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phenylisoserine derived peptide 9 C 3 in high purity (HPLC) and good yields (50 %), 
predominantly as the anti diastereomer. 

‘H NMR, CDCI 3 , 300 MHz, 8 7.37 (d, J = 8.4 Hz, 2H), 7.31 - 7.13 (m, 6 H), 7.06 (d, J = 
7.5 Hz, 2H), 6.99 (d, J = 8.4 Hz, 2H), 6.68 (d, J = 7.5 Hz, IH), 6.50 (d, J = 8.4 Hz, 2H), 
4.86 - 4.69 (m, 3H), 4.35 (dd, J = 10.2 Hz & 3 Hz, IH), 3.77 (m, IH), 3.69 (3, 3H), 3.44 - 
4.42 (m, IH), 3.06 - 3.05 (m, IH), 3.00 (dd, J = 13.6 Hz & 6.0 Hz, 2H), 2.94 (m, IH), 
2.17 (s, 3 H), 1.90 (sextet, J = 7.2 Hz, 2H); IR: 3340, 3230, 2900, 1710, 1655, 1625 

cm''. 

Synthesis of methyl - N - (p-methylphenyl) - p - phenylisoserine - leucine - 
prolinate (9d.,} 

To a solution of methyl-N-cinnamoyl-leucine-prolinate (558 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2 -methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2 -methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - Rf = 0.5 - EtOAc:Hexane - 1:1.22). After 
complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by p-toluidine (160 
mg, 1.5 mmol). After stirring until complete consumption of the epoxide and formation 
of the product (TLC - Rf = 0.45 - EtOAc:Hexane - 3:2), washing of the unreacted 
material as described in the general procedure, with CCl 4 :hexane gave the P- 
phenylisoserine derived peptide 9di in high purity (HPLC) and good yields (55 %), 
predominantly as the anti diastereomer. 

'H NMR, 300 MHz, CDC13, d 7.35 (m, 2H), 7.25 (m, 3H), 6.91 (d, J = 6 Hz, 2 H), 6.91 
(m, IH), 6.54 (d, J = 9 Hz, 2H), 6.10 (d, J = 9 Hz, 2H), 4.80 (dd, J = 12 Hz, 4.8 Hz, IH), 
4.74 (d, J = 5.1 Hz, 1 H), 4.46 - 4.37 (m , 2 H), 3.71 (S, 3H), 3.66 - 3.54 (m, 2H), 2.19 (s, 
3H), 2.06 - 1.95 (m, 2H), 1.70 - 1.65 (m, 2H),1.56 - 1.51 (m, IH), 1.46 (td, J = 14.4 Hz, 6 
Hz, 2H), 0.95 (d, J = 6.3 Hz, 3H), 0.89 (dd, J = 6.3 Hz, 8 Hz, 3H); MS m/z: 495, 196, 
211, 128; IR: v^: 3460(s), 3370, 3050, 3020, 2945, 1720, 1640 cm 

Synthesis of methyl-N>(p-methoxyphenyl)-p-phenyiisoserine-ieucine- 
prolinate (Sdj) 

To a solution of methyl-N-cirmamoyl-leucine-prolinate (558 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS (~ 5 mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - Rf = 0.5 - EtOAc:Hexane - 1:1.22). After 
complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by p-anisidine (184 
mg, 1.5 mmol). After stirring imtil complete consumption of the epoxide and formation 
of the product (TLC - Rf = 0.4 - EtOAc:Hexane - 3 : 2 ), washing of the unreacted material 
as described in the general procedure, with CCl 4 :hexane gave the p-phenylisoserine 
derived peptide 9 d 2 in high purity (HPLC) and good yields (63 %), predominantly as the 
anti diastereomer. 

'H NMR, 300 MHz, CDC13, d 7.36 (m, 2H), 7,28 - 7.20 (m, 3H), 6.96 ( d, J = 8.4 Hz, 
IH), 6.69 (d, 8.8 Hz, 2 H), 6.60 ( d, J = 8.8 Hz, 2 H), 4.82 (dd, J = 6.9 Hz, 3.6 Hz, 1 H), 
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5 08 ( m , IH), 4.56 (t , J = 3.6 Hz, IH), 4.50 (dt, J = 8.1 Hz, 3.6 Hz, IH), 3.78 (t, J = 5.7 
Hz, IH), 3.70 (s, 3H), 3.69 (s, 3H), 3.54 (m, IH), 2.38 (m, IH), 2.38 (m, IH), 2.24 - 2.13 
(m, IH), 2.04 - 1.94 (m, 2H), 1.26 (dd, J = 17.4 Hz, 8 Hz, 2H), 0.91 (m, IH), 0.80 (t, J = 
5.7 Hz, 3H), 0.74 (t, J = 5.7 Hz, 3H); MS m/r. 511 (M^), 299, 212, 242, 128; IR 
3400(s), 2980, 2950, 1740, 1660, 1640 cm 

Synthesis of nnethyl-N-(p-bromophenyl)-p-phenylisoserine-leucine-prolinate 
(9d3) 

To a solution of methyl-N-cinnamoyl-leucine-prolinate (558 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2 -methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fi-esh lot of the catalyst and 2 -methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - = 0.5 - EtOAc:Hexane - 1:1.22). After 

complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by p-bromoaniline 
(259 mg, 1.5 mmol). After stirring until complete consumption of the epoxide and 
formation of the product (TLC - Rf = 0.5 - EtOAcrHexane - 3:2), washing of the 
unreacted material as described in the general procedure, with CCl 4 :hexane gave the P- 
phenylisoserine derived peptide 9 d 3 in high purity (HPLC) and moderate yields (42 %), 
predominantly as the anti diastereomer. 

‘H NMR, 400 MHz, CDCI3, 5 7.35 - 7.29 (m, 3H), 7.28 - 7.21 (m, 2H), 7.13 (d, J = 8.4 
Hz, 2 H), 6.97 (m, IH), 6.47 (d, J = 8.4 Hz, 2H), 4.85 (dd, J = 11.4 Hz, 3 Hz, IH), 4.76 
(dd, J = 14.4 Hz, 4.5 Hz, IH), 4.50 - 4.47 (m, IH), 4.39 (dd, J = 8.4 Hz, 3 Hz, IH), 3.78 - 
3.71(m, IH), 3.69 (s, 3H), 3.51 - 3.49 (m, IH), 2.22 - 2.14 (m, IH), 2.09 - 1.92 (m, 3H), 
1.53 - 1.47 (m, IH), 1.45 - 1.43 (m, IH), 1.23 (ddd, J = 21 Hz, 14.1 Hz, 7.2 Hz, IH), 
0.93 (d, J = 6 Hz, 3 H), 0.89 (dd, J = 6 Hz, 3 Hz, 3H); MS m/z 560 (M+), 299, 261, 128, 
21 1 ; m. v„, 3 ,, 3210 (br), 2990, 2960, 1740, 1640, 1590 cm * 

Synthesis of methyl-N-(p-methylphenyl)-p-phenyllsoserine-proline- 
isoleucinate (Se^) 

To a solution of methyl-N-cinnamoyl-proline-isoleucinate (558 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2 -methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2 -methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - Rf = 0.5 - EtOAc:Hexane - 1:1). After 
complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by p-toluidine (160 
mg, 1.5 mmol). After stirring until complete consumption of the epoxide and formation 
of the product (TLC - Rf = 0.4 - EtOAc:Hexane - 3:2), washing of the unreacted material 
as described in the general procedure, with CCl 4 :hexane gave the p-phenylisoserine 
derived peptide Pcj in high punty (HPLC) and moderate yields (48 %), predominantly as 
the anti diastereomer. 

‘HNMR, 300 MHz, CDCI 3 , 6 , 7.34 - 7.26 (m, 6 H), 6.89 (dd, J = 9Hz & 7.5 Hz, 2H), 
6.48 (dd, J = 13 Hz & 9 Hz, 2H), 4.79 (d, J = 5.7 Hz, IH), 4.63 (d, J = 5.7 Hz, IH), 4.53 
- 4.48 (m, 2H), 3.74 (s, 3H), 3.67 (t, J = 7.8 Hz, IH), 3.40 - 3.28 (m, IH), 2.53 - 2.50 (m, 
IH), 2.218 (m, IH), 2.17 (s, 3H), 2.05 - 1.88 (m, 2H), 1.57 - 1.53 (m, 2H), 1.38 - 1.36 (m. 
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^ o TT am 0 87 fd J = 6.84 Hz, 3H); MS m/z 495 

l96’rmVj3300%0, \990.2880, 1775. 1660, 1600 cm' 

acetonitrile (7.5 mL), 2-me1iiylprop under oxygen atmosphere for 12 h, after 

were added and the resulting .t^^lpropanal (216 mg, 3 mmol) were added and 

which a fresh lot of the catalyst and - YV „ _ q 5 . EtOAc;Hexane - 1:1). After 
the reaction was stirred to co®pl®tmn ^ ‘t^e oxygen balloon was removed 

jng, 1.5 f - S^s'^^EtoSexane - 7:3), washing of the umeacted matenal 

ofthe product (TLC-Rf- 0.5 CCl/hexane gave the p-phenylisosenne 

SnS?eSd:9tin 

anti dis-stereomcr. 

, A T - T 8 Hr im 7 34 - 7.23 (m, 5H), 6.69 (d, J = 9 
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, = 8.6 Hz, 1IC,4.46 4 J-8-6HM^A7M^ , ^ ^ _ j 35 ^H). 
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'AS »' S : “.*?*»> S.,: J: 

V 3390,3050,2880, 1725,1660, 1600 cm- 

Synthesis of methyl-NKp-bromophenyD-p-phenyllsoserine-prohne. 

T^'a solution of methyl-N-cinnamoyl-proline-isoleucinate (558 mfc “ 

Sh^lomecaiystanda-rn*^^^ 

the reaction was stirred to comp e mi balloon was removed 

frLrio75^catalyst was added to the reaction mixture followed by p-bromoanihne 
mf 1 5 S stirring until complete consumption of the epoxide ^ 

(259 iiigj • A 4 ^ /TT r* T? — 05 - EtOAc'Hexane - 3:2), washing of the 

predominantly as the anti diastereomer. 

■H NMR CDC1„ 300 MHz, 8 7.32 - 7.25 (m, 5H), 7.23 ft 3 ' J-2 ,g; ^49 

M'8^^?i^‘442“ ^ & 3 Hz, lli), 3^69 (s, 3%, 3.65 - 3.49 (m 2H), 

% - 2.41 (m, IH), 2.32 - 2.16 (m, 2H), 2.12 - 1 

1 02 (m, IH), 0.98 (dd, J = 9.2 Hz & 5.2 Hz, 3H), 0.88 (d, J - 6.7 Hz, 3H), IR max ’ 

2800, 1725, 1615 cm-‘ 
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Synthesis of methyl-N-(p-methylphenyl)-p-phenyiisoserine-proline- 
aspartate (9fi) 

To a solution of methyl-N-cinnamoyl-proline-aspartate (582 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2-methylpropanal (216 mg, 3 nrniol) and PASCOS (~5mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - = 0.45 - EtOAc;Hexane - 1:1). After 

complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by p-toluidine (160 
mg, 1.5 mmol). After stirring until complete consumption of the epoxide and formation 
of the product (TLC - Rf = 0.4 - EtOAcrHexane - 3:2), washing of the unreacted material 
as described in the general procedure, with CCl 4 :hexane gave the P-phenylisoserine 
derived peptide 9fi in high purity (HPLC) and good yields (56 %), predominantly as the 
anti diastereomer. 

'H NMR, 400 MHz, CDCI3, 6 7.54 (dd, J = 7.52 Hz & 4.1 Hz, IH), 7.43 - 7.19 (m, 5H), 
6.88 (d, J = 8.6 Hz, 2H0, 6.51 (d, J = 8.6 Hz, 2H), 4.75 (td, J = 7.6 Hz & 4.6 Hz, IHO, 
4.71 (d, J = 7.9 Hz, IH), 4.65 - 4.62 (m, IH), 4.45 (dd, J = 7.6 Hz & 4.2 Hz, IH), 3.77 (s, 
3H), 3.75 - 3.64 (m, 2H), 3.63 (s, 3H), 2.98 (dd, J = 8.6 Hz & 5.4 Hz, IH), 2.94 (dd, J = 
8.6 Hz & 5.4 Hz, IH), 2.23 - 2.19 (m, IH), 2.16 (s, 3H), 2.07 - 1.86 (m, 2H), 1.81 - 1.77 
(m, IH); IR v,„^ 3300(br), 3020, 2080, 1775, 1650 cm * 

Synthesis of methyl-N-(p-methoxyphenyl)>p-phenyiisoserine- proiine- 
aspartate ( 9 f 2 ) 

To a solution of methyl-N-cinnamoyl-proline-aspartate (582 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst 
were added and the resulting solution was stirred imder oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - Rf = 0.45 - EtOAc:Hexane - 1:1). After 
complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by /?-anisidine (184 
mg, 1.5 mmol). After stirring until complete consumption of the epoxide and formation 
of the product (TLC - Rf = 0.45 - EtOAc:Hexane - 1:1), washing of the umeacted 
material as described in the general procedme, with CCl 4 :hexane gave the P- 
phenylisoserine derived peptide 9 f 2 in high purity (HPLC) and good yields (60 %), 
predominantly as the anti diastereomer. 

'H NMR, 400 MHz, CDCI 3 , 5 7.36 (d, J = 8.3 Hz, IH), 7.29 - 7.1 1 (m, 5H), 6.46 (d, J = 
6.8 Hz, 2H), 6.42 (d, J = 6.8 Hz, 2H), 4.76 (dd, J = 13.4 Hz «&: 5.1 Hz, IH), 4.65 (d, J = 
4.4 Hz, IH), 4.56 (dd, J = 8.3 Hz & 3.6 Hz, IH), 4.38 (dd, J = 8 Hz & 5.1 Hz, IH), 3.71 - 
3.69 (m, IH), 3.66 (s, 3H), 3.57 (s, 3H), 3.53 (s, 3H0, 3.52 - 3.49 (m, IH), 2.86 (dd, J = 
6.8 Hz & 3.6 Hz, IH), 2.81 (d, J = 4.9 Hz, IH), 2.25 - 2.18 (m, IH), 2.1 1 - 2.06 (m, IH), 
1.96 - 1.87 (m, IH), 1.83 - 1.77 (m, IH); IR v„,, 3400(br), 3320(s), 2200, 2080, 1710, 
1660 cm 

Synthesis of Aziridine containing tripeptide (10) 

To a solution of file tripeptide methyl-N-(p-bromophenyl)-p-phenylisoserine-leucine- 
prolinate (90,) (280 mg, 0.5 mmol) in CH 3 CN (8 mL) was added triethylamine (0.08 mL, 
0.55 mmol), DEAD (87 mg, 0.5 mmol) and PPhj (132 mg, 0.5 mmol) and the reaction 
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removed and the resulting 

EtOAc;Hexane - 3:2) lo yi 

™ CDCl 8 7 2Wd9(n..7H),7d2-7.07 (^^W^^f3,\“^®^^ 
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- 2.12 (m, 2H), 1.56 - 1.38 (m, 2H), 1.15 - 1.08 (m, IH), 0.96 (d, J = 6.5 Hz, 3H), 0.88 (d, 
J = 6.5 Hz, 3H); IR 3400(s), 3020, 2900, 1715, 1600, 1480 cm * 

Synthesis of methyi-N-(m-hydroxyphenyl)-p-phenyiisoserine-proline- 
aspartate (12b) 

To a solution of methyl-N-cinnamoyl-proline-aspartate (582 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS (~ 5 mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2 -methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - = 0.45 - EtOAc:Hexane - 1 : 1 ). After 

complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by m-aminophenol 
(164 mg, 1.5 mmol). After stirring until complete consumption of the epoxide and 
formation of the product (TLC - = 0.33 - EtOAc:Hexane - 7 : 3 ), washing of the 

unreacted material as described in the general procedure, with EtOAc:CCl 4 :hexane gave 
the p-phenylisoserine derived peptide 12b in high purity (HPLC) and good yields (60 %), 
predominantly as the anti diastereomer. 

^H NMR, 400 MHz, CDCI 3 , 5 7.84 (d, J = 8.08Hz, IH), 7.75 - 7.26 (m, 8 H), 6.22 - 6.05 
(m, IH), 4.85 (d, J = 4.9Hz, IH), 4.76 (d, J = 4.4Hz, IH), 4.71 (dd, J = 16.6 and 7.2Hz, 
IH), 4.55 (bs, IH), 3.74 (s, 3H), 3.70 (s, 3H), 3.66 - 3.64 (m, 2H), 2.94 - 2.80 (m, 2H), 
2.36 - 1.91 (m, 4H); MS m/z (M^ absent), 316, 259, 197. 

Synthesis of methyl-N-(m-hydroxyphenyl)-p-phenylisoserine-proline- 
phenylalaninate (12c) 

To a solution of methyl-N-cinnamoyl-proline-phenylalaninate (610 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - R^ = 0.45 - EtOAc:Hexane - 1:1). After 
complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by m-aminophenol 
(164 mg, 1.5 mmol). After stirring until complete consxunption of the epoxide and 
formation of the product (TLC - Rf = 0.3 - EtOAc:Hexane - 7:3), wasWg of the 
unreacted material as described in the general procedure, with EtOAc:CCl 4 :hexane gave 
the P-phenylisoserine derived peptide 12c in high purity (HPLC) and good yields (54 %), 
predominantly as the anti diastereomer. 

'H NMR, CDCI 3 , 300 MHz, 8 7.34 (d, J = 7.2 Hz, IH), 7.30 - 7.22 (m, 6 H), 7.10 (dd, J = 
14.7 Hz & 6 Hz, 2H), 6.94 - 6.87 (m, IH), 6.71 (d, J = 7.8 Hz, IH), 6.16 - 6.02 (m, 3H), 
4.81 - 4.74 (m, 2H), 4.67 - 4.58 (m, IH), 4.40 - 4.32 (m, IH), 3.66 (s, 3H), 3.35 - 3.32 (m, 
IH), 3.17 (dt, J = 15.3 Hz & 6.3 Hz, IH), 2.98 - 2.91 (m, 2H), 2.02 (dd, J = 11.4 Hz & 
5.4 Hz, 2H), 1.84 (qd, J = 25.2 Hz, 6.9 Hz, 2H), 1.71 (dd, J = 12 Hz & 6 Hz, 2H); MS 
w/z: 531(M^), 333, 301, 198 

Synthesis of methyl-N-(m-hydroxyphenyI)-p-phenylisosei1ne-leuclne- 
prolinate (13a) 

To a solution of methyl-N-cinnamoyl-leucine-prolinate (558 gm, 1.5 mmol) in 
acetonitrile (7.5 mL), 2 -methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst 
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were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - Rf ~ 0.5 - EtOAc.Hexane - 1.1.22). After 
complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by nz-aminophenol 
(164 mg, 1.5 mmol). After stirring until complete consumption of the epoxide and 
formation of the product (TLC - Rf = 0.5 - EtOAc:Hexane - 7.3), washing of the 
unreacted material as described in the general procedure, with EtOAc.CCl 4 . hexane gave 
the p-phenylisoserine derived peptide 13a in high purity (HPLC) and good yields (53 %), 
predominantly as the anti diastereomer. 

‘H NMR, 300MHz, d 7.41 - 7.38 (m, 2H), 7.27 - 7.21 (m, 3H), 6.95 (t, J = 8.1 Hz, IH), 
6.25 - 6.06 (m, 3H), 4.79 (d, J = 2.7 Hz, IH), 4.62 (d, J = 2.7 Hz, IH), 4.59 - 4.57 (m, 
IH), 4.44 (dd, J = 1 1.7 Hz, 3.6 Hz, IH), 2.07 - 1.96 (m, IH), 1.73 (m, 3H), 1.33 (t, J = 7.2 
Hz, IH), 1.27 (t, J = 7.2 Hz, IH), 0.94 - 0.89 (m, IH), 0.77 - 0.69 (m, 6H); MS m/z: 497, 
198, 299, 128; IR v^ 3380(s), 3060, 3030, 2960, 2880, 1740, 1640 cm 

Synthesis of methyl-N-(m-hydroxyphenyl)-p-phenylisoserlne- 
phenyiaianine-prolinate (13b) 

To a solution of methyl-N-cinnamoyl-phenylalanine-prolinate (610 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - Rf = 0.4 - EtOAc:Hexane - 3:2). After 
complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by m-aminophenol 
(164 mg, 1.5 mmol). After stirring until complete consumption of the epoxide and 
formation of the product (TLC - Rf = 0.25 - EtOAc:Hexane - 7:3), washing of the 
uiueacted material as described in the general procedure, with EtOAc:CCl 4 :hexane gave 
the P-phenylisoserine derived peptide 13b in high purity (HPLC) and good yields (52 %), 
predominantly as tiie anti diastereomer. 

‘H NMR, 300 MHz, CDCI3, 8 7.61 - 6.77 (m, 7H), 6.19 (d, J = 10.8 Hz, IH), 6.12 (bs, 
IH), 4.71 (dd, J = 9.2 Hz & 6 Hz, IH), 4.44 (d, J = 5.6 Hz, IH), 4.38 (d, J = 5.6 Hz, IH), 
4.28 (dd, J = 10.4 Hz & 6 Hz, IH), 3.64 (s, 3H), 3.40 - 3.37 (m, IH), 3.09 - 3.05 (m, 2H), 
2.93 - 2.88 (m, IH), 2.59 - 2.57 (m, IH), 2.11 - 2.06 (m, IH), 1.90 - 1.78 (m, 2H); MS 
m/z (M^absent) 334, 304, 232(100%); IRv,,,^,, 3360(br), 3050, 2950, 1715, 1610 cm 

Synthesis of methyl<-N-(m-hydroxyphenyl)-p-phenylisoserine-leucine-(4- 
trans-acetoxy)proiinate (13c) 

To a solution of methyl-N-cinnamoyl-leucine-(4-rrfln5'-acetoxy)prolinate (675 mg, 1.5 
mmol) in acetonitrile (7.5 hiL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS 
(~5mg) catalyst were added and the resulting solution was stirred under oxygen 
atmosphere for 12 h, after which a fresh lot of the catalyst and 2-methylpropanal (216 
mg, 3 mmol) were added and the reaction was stirred to completion (TLC - Rf = 0.5 - 
EtOAc:Hexane - 1.1). After complete conversion of the olefin to the glycidic amide, ftie 
oxygen balloon was removed and a fresh lot of catalyst was added to the reaction mixture 
followed by w-aminophenol (164 mg, 1.5 mmol). After stirring until complete 
consumption of the epoxide and formation of the product (TLC - Rf = 0.3 - 
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EtOAcrHexane - 7:3), washing of the unreacted material as described in the general 
procedure, with EtOAc:CCl 4 :hexane gave the P-phenylisoserine derived peptide 13c in 
high purity (HPLC) and good yields (55 %), predominantly as the anti diastereomer. 

•H NMR, 300 MHz, CDCI3, 5 7.42 - 7.21 (m, 5H), 7.12 (d, J = 8.4 Hz, IH), 6.94 (t, J = 
8.4 Hz, IH), 6.19 - 6.14 (m, 3H), 5.37 - 5.33 (m, IH), 4.78 (d, J = 4.8 Hz, IH), 4.71 - 
4.61 (m, IH), 4.56 (t, J = 4.8 Hz, IH), 4.71 - 4.61 (m, IH), 4.56 (t, J = 8.1 Hz, Ih), 4.35 
(dd, J = 9.9 Hz & 6.9 Hz, IH), 3.98 - 3.80 (m, IH), 3.73 (s, 3H), 3.52 - 3.50 (m, IH), 2.45 
- 2.30 (m, IH), 2.19 - 2.08 (m, IH), 2.07 (s, 3H), 1.57 - 1.50 (m, IH), 1.46 (t, J = 6 Hz, 
2H), 0.95 - 0.84 (m, 6H); MS m/z: 357, 198, 187; IR v^^ 3300(br), 3030, 2920, 1675 cm * 

Synthesis of niethyl-N-(m-hydroxyphenyl)-p-phenylisoserine-valme* 
proiinate (13d) 

To a solution of methyl-N-cinnamoyl-valine-prolinate (537 mg, 1.5 mmol) in acetonitrile 
(7.5 mL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst were added 
and the resulting solution was stirred under oxygen atmosphere for 12 h, after which a 
fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added and the 
reaction was stirred to completion (TLC - Rf = 0.5 - EtOAc:Hexane - 1:1.2). After 
complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by w-aminophenol 
(164 mg, 1.5 mmol). After stirring until complete consumption of the epoxide and 
formation of the product (TLC - Rf = 0.4 - EtOAc:Hexane - 7:3), washing of the 
unreacted material as described in the general procedure, with EtOAc;CCl 4 :hexane gave 
the p-phenylisoserine derived peptide 13d in high purity (HPLC) and moderate yields (47 
%), predominantly as the anti diastereomer. 

*H NMR, 300 MHz, CDC13, d 7.36 - 7.30 (m, IH), 7.28 - 7.22 (m, 3H), 7.05 (d, J = 8.7 
Hz, IH), 6.93 (t, J = 7.8 Hz, IH), 6.18 (d, J = 8.1 Hz, IH), 6.15 - 6.13 (m, 2H), 4.92 - 
4.85 (m, IH), 4.78 (dd, J = 9.9 Hz, 4.5 Hz, IH), 4.48 (d, J = 4.5 Hz, IH), 4.44 - 4.40 (m, 
IH), 3.67 (s, 3H), 3.59 - 3.41 (m, 2H), 2.18 - 2.12 (m, IH), 2.09 - 2.03 (m, 2H), 1.86 - 
1.73 (m, 2H), 1.27 (t, J = 7.2 Hz, IH), 0.92 (dd, J = 6 Hz & 2.1 Hz, 3H); MS m/z 
497(M^), 299, 198, 128 

Synthesis of nnethyi-N-(m-hydroxyphenyl)-p-phenylisoserine-valine-(4- 
frans-hydroxy)proiinate (13e) 

To a solution of methyl-N-cinnamoyl-valine-(4-fra7Js-hydroxy)prolinate (588 mg, 1.5 
mmol) in acetonitrile (7.5 mL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS 
(~5mg) catalyst were added and the resulting solution was stirred under oxygen 
atmosphere for 12 h, after which a fresh lot of file catalyst and 2-methylpropanal (216 
mg, 3 mmol) were added and the reaction was stirred to completion (TLC - Rf = 0.4 - 
EtOAc:Hexane - 7:3). After complete conversion of the olefin to the glycidic amide, the 
oxygen balloon was removed and a fresh lot of catalyst was added to the reaction mixture 
followed by w-aminophenol (164 mg, 1.5 mmol). After stirring until complete 
consumption of the epoxide and formation of the product (TLC - Rf = 0.2 - 
EtOAc:Hexane - 8:2), washing of the unreacted material as described in the general 
procedure, with EtOAc:CCl 4 ;hexane gave file P-phenylisoserine derived peptide 13e in 
poor purity (HPLC) and very moderate yields (28 %). 
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NMR, 300 MHz, CDCI 3 , 5 7.53-7.00 (m, 6 H), 6.92(d, J = 8 Hz, IH), OJO (d, J = 8 Hz, 
3 H), 5.20 (dd, J = 6 . 5 Hz & J = 5 . 6 Hz, IH), 4.71 (d, J = 6 . 6 Hz, IH), 4.56 (d, J = 7.2Hz 
IH), 4.40 (d, J = 9.6Hz, IH), 4.28 - 4.19 (m, IH), 3.96 - 3.78 (m, IH), 3.66 (s, 3H), 3.42 
(t, J = 5 . 6 Hz, IH), 1.22 (dd, J = 12 . 8 Hz & J = 8 Hz, 2H), 2.03 - 1.96 (m, IH), 0.86 (d, J = 
5.8Hz, 6 H) 

Synthesis of methyl-N-{m-hydroxyphenyl)-p-phenyllsoserine-varme-(4- 
trans-acetoxy)prolinate (13f) 

To a solution of niethyl-N-cinnaEnoyl-valine-( 4 -tmn 5 -acetoxy)ptolinate (624 mg, 1.5 
mmol) in acetonitrile ( 7.5 mL), 2 -methylpropanal (216 mg, 3 nmol) and PASCOS 
(~ 5 mg) catalyst were added and the resulting solution was stirred under oxygen 
atmosphere for 12 h, after which a fresh lot of the catalyst and 2 -methylpropanal (216 
mg, 3 mmol) were added and the reaction was stirred to completion (TLC - Rf = 0.45 - 
EtOAc.-Hexane - 1:1). After complete conversion of the olefin to the glycidic amide, the 
oxygen balloon was removed and a fresh lot of catalyst was added to the reaction mixture 
followed by m-aminophenol (164 mg, 1.5 mmol). After stirring until complete 
consumption of the epoxide and formation of the product (TLC - Rf = 0.4 - 
EtOAc:Hexane - 7:3), washing of the unreacted material as described in the general 
procedure, with EtOAc:CCl 4 :hexane gave the p-phenylisoserine derived peptide 13f in 
high purity (HPLC) and good yields (50 %), predominantly as the anti diastereomer. 

* H NMR, 300 MHz, CDCI3, 5 7.44 - 7.00 (m, 6 H), 6.84 (d, J = 10.4Hz, IH), 6.08 (d, J = 
7.2Hz, 3H), 5.34 - 5.03 (m, IH), 4.72 (dd, J = 5 . 6 Hz & 5.6Hz, IH), 4.45 (d, J = 5.6Hz, 
IH), 4.31 (dd, J = 6 . 6 Hz & 4Hz, IH), 1.03 (dd, J = 9.6Hz & 2.4Hz, IH), 3.92 - 3.73 (m, 
2 H), 3.62 (s, 3H), 2.11 (dd, J = 12.8Hz & 4 . 8 Hz, 2H), 1.95 (s, 3H), 1.28 - I .16 (m, IH). 
0.8 1 (dd, J = 14.4Hz & 9.6Hz, 6 H) 

Synthesis of methyl-N,N-(phenyl{#n-hydroxy-p-methoxybenzyl))-p- 
phenylisoseiine- proline -isoleucinate (14) 

To a solution of methyl-N-cmnamoyl-proline-leucinate (558 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - Rf = 0.5 - EtOAc:Hexane - 1:1). After 
complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by the aromatic 
secondary amine N,N-phenyl-(m-hydroxy-p-methoxybenzyl)amine 8 e, (343 mg, 1.5 
mmol). After stirring until complete consumption of the epoxide and formation of the 
product (TLC - Rf = 0.2 - EtOAc:Hexane - 7:3), washing of the unreacted material as 
described in the general procedure, with EtOAc:CCl 4 :hexane gave the p-phenylisoserine 
derived peptide 14 in high purity (HPLC) and good yields (50 %), predo minantl y as the 
anti diastereomer. 

‘H NMR, 300 MHz, CDCI3, 6 7.30 (m, IH), 7.25 - 7.21 (m, 5H), 6.83 (d, J = 8.8 Hz, 2H), 
6.70 (d, J = 8.8 Hz, 2H), 5.88 - 5.80 (m, 2H), 5.45 (d, J = 16 Hz, IH), 5.23 (d, J = 6 Hz, 
IH), 5.20 (d, J = 16 Hz, IH), 4.90 (d, J = 4.1 Hz, IH), 4.86 (d, J = 4.1 Hz, IH), 4.62 (dd, 
J = 12.2 Hz & 4.8 Hz, 2H), 4.55-4.53 (m, 2H), 4.25 (d, J = 12 Hz, IH), 3.85 (s, IH), 3.69 
(s, 3H), 3.60 (d, J = 6.2 Hz, IH), 3.52 (d, J = 6.2 Hz, IH), 2.35 - 2.31 (m, IH), 2.24-2.12 
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(m, 3H), 1.55 - 1.35 (m, 2H), 1.17 - 1.10 (m, IH), 0.98 (d, J = 6.6 Hz, 3H), 0.89 (t, J = 
5.6 Hz, 3H) 

Synthesis of methyi-N,N>(phenyl(m-hydroxy-p-methoxybenzyl))-p- 
phenylisoserine-proline-ieucinate (1 5) 

To a solution of methyl-N-cinnamoyl-proline-isoleucinate (558 mg, 1.5 mmol) in 
acetonitrile (7.5 mL), 2-methylpropanal (216 mg, 3 mmol) and PASCOS (~5mg) catalyst 
were added and the resulting solution was stirred under oxygen atmosphere for 12 h, after 
which a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added and 
the reaction was stirred to completion (TLC - = 0.5 - EtOAc;Hexane - 1:1). After 

complete conversion of the olefin to the glycidic amide, the oxygen balloon was removed 
and a fresh lot of catalyst was added to the reaction mixture followed by the aromatic 
secondary amine N,N-phenyl-(m-hydroxy-p-methoxybenzyl)amine 18e, (343 mg, 1.5 
mmol). After stirring until complete consumption of the epoxide and formation of the 
product (TLC - Rf = 0.2 - EtOAc:Hexane - 7:3), washing of the unreacted material as 
described in the general procedure, with EtOAc:CCi 4 :hexane gave the (3-phenyiisoserine 
derived peptide 15 in high purity (EDPLC) and good yields (58 %), predominantly as the 
anti diastereomer. 

‘H NMR (CDClj) 6 7.30 (m, IH), 7.22 ( s, 5H ), 6.81 (d, J = 10.4 Hz, 2H), 6.73 (d, J = 
10.4 Hz, 2H), 5.88 (m, 2H), 5.43 (d, J = 16 Hz, IH), 5.25 (d, J = 8 Hz, IH), 5.16 (d, J = 
18 Hz, IH), 4.94 (d, J = 3.4 Hz, IH), 4.86 (d, J = 3.4 Hz, IH), 4.62 (m, 2H), 4.55-4.53 
(m, 2H), 4.27 (d, J =17 Hz, IH), 3.82 (m, IH), 3.69 (s, 3H), 3.60 (m, IH), 3.52 (m, IH), 
2.19 (m, IH), 2.05-2.02 (m, 3H), 1.65 (m, IH), 1.41 (m, IH), 0.98 (d, J = 6.8 Hz, 3H), 
0.94 (d, J = 5.5 Hz, 3H) 
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Conformationally Constrained Peptides 

The wide spread occurrence and extremely unfavorable prognosis of human 
immunodeficiency virus (HIV), the causative agent for the acquired immunodeficiency 
syndrome (AIDS) infection, has made the discovery of new and effective therapy very 
urgent.^®’ Of the currently licensed therapeutic agents which target the HIV reverse 
transcriptase, most have xmdesirable toxicities and select resistant mutant viral strains in 
a relatively short time.^®* Another formidable problem is the seemingly limitless capacity 
of the AIDS retrovirus to evolve drug resistant mutations?®® Thus HIV PR, which is 
responsible for the maturation of HIV into infectious viral particles,^™ has become an 
attractive therapeutic target. Starting firom the strategy of mimicking the peptide chains 
around the "affected" substrate active site (substrate based design) and the introduction of 
isosteres for the scissile amide bonds, drug design has evolved numerous novel strategies 
for specifically attacking the en2yme active site in an effective maimer. 

Although replacing the scissile amide bond with a non-cleavable cum high-binding 
transition-state isostere usually gives potent protease inhibitors in vitro, the remaining 
hydrolysable amide bonds render die inhibitors unstable to peptidases. Attempts to 
replace them with retention of inhibitor potency have proved to be difficult,^”‘^^'’due to 
the unpredictable co-operative influence of such variations on the conformations of both 
neighboring inhibitor groups and enzyme residues. 

The search for the bioactive conformations of peptides at specific receptors, e.g. against 
HIV PR, thus faces a two-fold problem. The highly flexible nature of the linear natural 
peptides e.g. leucine, valine, methionine, etc. make them virtually structureless in 
solution and several different conformations (extended, single-bend, double-bend) have 
been observed in X-ray crystallography studies.^”'^’’ In turn, the flexibility of these 
peptides renders them relatively non-selective in binding to the receptors. The problem is 
more complicated in designing certain drugs e.g. for binding to the opioid receptors, 
because of the discovery of these receptors with presumably subtle differences in binding 
requirements.^’®'^’® 

A central theme in many modem stracture-function studies has been thus, the 
incorporation of conformational and topographical constraints into such linear peptides in 
order to force the stmcture into the binding conformation of the receptor, thus making it 
highly selective.’®® The advances in computer aided molecular modeling have 
complemented this effort by predicting the spatial location of the required side chain 


203 


Part B Section- 1 


Introduction to Conformationally Constrained Peptides 


functional groups in such constrained conformers. The rest is left to organic chemists to 
come up with efficient synthetic methodologies to generate such molecules with 
functional diversities. 

The success of such an approach is heightened by the fact that the en2yme-ligand 
complex, formed with the conformationally constrained ligand, is often more readily 
deducible by spectroscopic analysis (such as solution NMR and X-ray crystallography) 
which can facilitate the iterative synthesis of further peptide or peptidomimetic analogues 
targeted for improved binding and selectivity. 

The other advantage of the constrained conformers over the acyclic peptides is that the 
amide bonds other than the isosteres in the constrained conformer are protected from 
enzymatic degradation, by making the amide bond less recognizable to other proteases 
that cleave them. This leads to greater bio- and oral-availability^®^ and longer duration of 
action^®^ of these drugs. These are in fact some of the most essential complimentary 
requirements in a drug lead, apart from its ability for active site binding.^®® Constraining 
the conformations of acyclic molecules by their cyclisation has lead to success in design 
of many drug leads. 

Hruby et al. reported^®^ the design and synthesis of the disulphide cyclised peptide 
analogue of a Leu^ (or Met^) enkephalin, [D-Pen^, D-Pen^] enkephalin (H-Tyr-D-Pen- 
Gly-Phe-D-Pen-OH, DPDPE, Pen = penicillamine). 



R„ R, = H, H-Tyr-D-|>en-Gly-Phe-D-Pen-OH DPDPE 
Fig. 1 Strucutre of [D=Pen^, D-iPen5]enkephali 

This cyclic constrained ligand was reported to be a potent opioid inhibitor, and selective 
to the 5-receptor among other receptor types, in a closely related family of such receptors 
with subtle secondary structural differences. 

The Bristol-Banyu Research Institute in Tokyo reported^®* the structure of a new natural 
product with a very high anti-tumor activity, named luzopeptin-A. Luzopeptin A, a 
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dimeric, cyclic depsipepride is ftough. ,o interact with the DNA and thns play a role in 
its activity. 



an effort to synthestze potent ttrombin inhibitors, based on the teansition state 
^o^e concept, the cyclic peptide CIA was designed- from the acyclic inhibitor 
RWJ-50353 as a potent thrombin inhibitor. CU contains a a-ketoamide isostere 



3 RWJ-50353 


Sate Analog! 


4 CIA ' 

Figurc-3 Acyclic and the Coire^nsing CycUc Tripeptide Transition 

Potent Thrombin Inhibitors 


He development of cycUc aspartyl protease (e.g. ranin, HIV-PR) irfribitors has been of 

r^ent mterest.-- ^ 

hrough macrolactomsation.- These inhibitor incoqHirate the (2R, 3S)-3-ainino4-cyclo- 
hexyl.2-hydroxy-butanoic acid- (nor-ACHPA) as the transition state isostere and have 
been seen to possess nanomolar inhibitoiy potencies against various aspartyl proteases 
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Figure-4 Macrocyclic Human Plasma Renin Inhibitors 
Incorpotating the nor- ACHPA isostere 

From computer model studies of the active site of renin, another novel class of nor- 
ACHPA containing inhibitors was designed and synthesized.^®^ 


A 



Cychsation was effected by macrolactonisation. The highly stereochemically complex 
molecule was synthesized (Scheme- 1). 

In an effort to develop human renin inhibitors with "improved bioavailability", 
macrocyclic renin inhibitors^*®’^®®’®^*-^ 11 and 12 , containing an analogue of ACHPA, 
which incorporates a 2(S)-4-butenyl chain, were designed and its synthesis reported.^®® 
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Figure-5 Macrocyclic Human Renin Inhibitor Incorporating ACHPA analogi 
Containing a 2(S)-4-butenyl chain 

Another novel series of tripeptides with 14- to 16-membered rings containing urea 
linkage with high non-degradability (stable to the chymotrypsin degradation) were 
reported. Following the report of a novel class of renin inhibitors, characterized by the 
presence of a glycoP°‘ function replacing the scissile amide bond of angiotensinogen (a 
prototypical substrate, cleaved by renin), was synthesized with high binding potency 
(IC 50 =1.5 nM) but very facile degradation by chymotrypsin (the serine protease). The 
reported cyclic peptides were fornid to be highly potent and stable to chymotrypsin 
degradation. 



Acyclic Antihypertensive Renin ItJiibitorp. Novel Small Cyclic Peptide Stable tc 

Incorporating a Glycol Isostere Chymotrypsin Degradation 


Fairlie et ah have evolved new strategies for developing peptidomimetics involving the 
replacement of the flexible segments of peptide substrates with conformationally 
constrained hydrolytically stable, macrocyclic, structural mimics.^®' Modifications in the 
chain length and isostere of the competitive inhibitors Ac-Ser-Leu-Asn-Phe- 
{CHOHCHjI-Pro-Ile-Val-NIK (JG 365), a potent heptapeptide inhibitor of HTV PR,^®‘ 
led to the design of hexapeptide Ac-Leu-Val-Phe-{CHOHCH2}-Phe-Ile-Val-NH2. From 
the receptor bound X-ray crystal structure of the acyclic peptide inhibitor, a cyclic 
inhibitor was designed containing a C-terminal macro cycle as a structural mimic that 
locks the otherwise flexible C-terminal peptide into a protein binding conformation^* and 
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is stable to hydrolysis and proteolysis. The novel macro cycle superimposed well on the 
linear peptide inhibitor for which it was designed as a structural mimic. Structural 
mimicry led to functional mimicry as shown by comparable inhibition of the protease by 
cyclic and acyclic molecules. 



15 

Compound* X Y 

n 

KinM 




R 

13 

a 

Ac-SLNF(pPIV-NH 2 (JG-365)- 


S 

R 

1 

18 

b 

Ac-LNFcpPIV-NHj 

" 

s 

1 

c 

Ac-LVFcpFIV-NHj 

- 

R-S 

1.5 

d 

Ac-Leu-Val -CHOTCHjNH 

3 

R-S 

0.6 

e 

Ac-Leu-Val -CHCOHlCHjNH 

4 

R 

1.5 

f 

Boc -CHfOHlCHjNH 

3 

R 

4 

g 

h 

Tetrahydroforyl- -CHCOHlCHjNH 
3(S)-oxycarbonyl 

QOval -CH(0H)CH2NH 

3 

3 

R 

R 

4 

0.3 


Table-1 Inhibition of HIV- 1 Protease by Cyclic Peptidomimetics 
QC = quinoline(2)-caibonyt Ac = acetyl; 

* = refer mnemonic aids 


Molecular modeling and X-ray crystal studies showed that the cyclic inhibitors bind 
uniquely to the HTVl-PR. The sterically encumbered hydroxyethylamine isostere bound 
via both its hydroxyl and protonated nitrogen to the anionic Aspjj catalytic residues. Of 
all the N-terminal substituents, the longer quinoline containing peptide 15h, which can 
make more interactions with the HIV PR, increased potency significantly. In each of the 
cases, the acyclic peptidic inhibitors (15a-c), of HIV PR were completely degraded under 
the same conditions and showed no anti-viral activity at 10 pM concentrations. 

In their earlier report, Fairlie et al had reported the regioselective structural mimicry of 
the "N-terminal" tripeptide fragment -Leu- Asn-Phe- (of the potent linear hexapeptide 
15a, Table-l), containing the hydroxyethylene isostere) by using spacers to fix the 
conformations of the native amino acid sequence.^®^ Hydrogen bonds between HIV PR 
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and 15a were comparable to those in the enzyme complex of (JG 365), including the 
structural water mimicry of the main chain amide carbonyls.^®^ , 


Asp30 Asp29 Gly27 


Water 352 


■N' 'n't 

a H 


Glyi27 

Y 

0 


Asp 129 
"n" 

H 



Gly48 ^ 


NH, 


Ile^^N 


IlCiso 


Figure-7 Schematic representation of X-ray crystal structure ( 
N-terminal-constrained inhibitor, bound to HIV PR, showing 
hydrogen bonds to the enz 3 nne 


But the main advantage of cyclic over the acyclic conformers was the observation that 
the cyclic conformers were highly hydrolytically and proteolytically stable than their 
linear coimter parts, hence imparting the much needed bio- and oral-availability for use 
as better drug candidates. 



S.No. n' 

n 

R/S 

Y Ki tiiJVna 
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PIV-NH 2 
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PIV-NH 2 
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Pip-N-/Bt 
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e 

0 
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Cycle (5) 
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-Gly- 

1 

S 

PIV-NH 2 

11 

g 

-Tyr- 

1 

S 

PIV-NH 2 

11 

h 

-(D)Gln-l 

R/S PIV-NH 2 

4 


Ac-LeuAsnPhe(HEA)ProIleVal-NH 2 S 3 


a) pH 6.5, 1 = 0.1 M, 37 oc, 50 pM substrate [Ab2-NF*-6], synthetic fflV-l PR. 

Bergman, D.A. et al, Letters in Peptide Science 1^95, 2, 99 

Table-2 Inhibition of HIV PR by Cyclic Peptidomimetics 


In another report,*®* a tandem approach of design was applied by Fairlie. The X-ray 
crystal structures of twelve substrate based peptidic inhibitors bound in the active site of 
the aspartyl protease (HIV PR) were compared. The remarkable similarity in the inhibitor 
binding modes of these structurally and conformationally diverse inhibitors ^orompted the 
design of a bicyclic peptidomimetic inhibitor 17 with macrocyclic components in 
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constrained conformations that are pre organized for receptor binding. A series of 
appended macrocyles were synthesized and tested as inhibitors of HIV 1 -PR. Structure 
activity relationships were explored by systematic replacement of the individual amino 
acids and the results yielded the bicyclic appendage ligand 17, as the most potent 
inhibitor (nanomolar, against HIV PR) 



Peter Ettmayer et al have come up with a novel class of water-soluble compounds, 
namely the cyclophanes. Cyclophanes constitute a novel building block for potent HIV 1 
PR inhibitors.^®^ These are macrocycles with one or more aromatic rings incorporated; 
ansa compounds. Several derivatives of values lower than 10 nM and antiviral 
activities in the range of 15 - 50 nM have been obtained. Some of the most potent 
compounds are presented below. 
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Figure-8 Structure of cyclophane 20 and its lead; 
Potent Inhibitors of HIV PR 


Rich et al reported another such cyclophane. A novel mechanism based cyclic biphenyl 
ether peptide P-strand mimetic and HIV PR inhibitor was designed and synthesized.^**^ 
Compoimds 21 and 26 containing the hydroxyethylamine isostere emerged from these 
studies as highly potent (Ki = 15, 900 nM respectively) inhibitors of HIV PR. 

Novel Cyclic Biphenyl Ether Peptide P-Strand Mimetics and HIV-PR Inhibitors 

R3 R2 



21 r 1 = Ac; r 2 = 4-OH-Bn (Tyr); r3 = OH; r4 = H; X = O, K-13; 26 r1 = H; r2 = OH; r3 = CH 2 CONH 2 ; R^ = H; 

22 r 1 = Ac; r 2 = 4-OH-Bn (Tyr); r3 = OH; R** = H; X = S OF4949-rv 

23 r 1 = Boc; r 2 = s-butyl (He); r3 = H; R^ = CH 3 ; X = O 27 r 1 = CBr, r2 = H; r 3 = S-butyl (He); R^ = CH 3 

24 r1 = H.HC1; r 2 = Bn (The); r3 = H; R^ = CH 3 ; X = O 28 r1 = H.HC1; r2 = H; r 3 = S-butyl (He); R^ = CH 3 

25 r1 = H.Ha; r 2 = s-butyl (He); r3 = H; R"* = CH 3 ; X = O Table-3 

Novel computational approaches to the problem of designing non-peptide HIV PR 
inhibitors have lead to the discovery of haloperidoP°® and benzophenones. Such an 
approach has been most efficiently used for the synthesis of a novel class- of cyclic urea 
derivatives.^'’* It represents one of the best examples for the efficient design of 
conformationally constrained non-peptide HTV PR inhibitors. The computational 
analyses employed the following key ligand-substrate interactions in the design. 

1) Displacement of the structural water molecule in the HIVl-PR with suitable groups 
with in the ligand for entropically favored, greater binding. The urea carbonyl 
repiaced*^’^’*'*® the structural water in the HIV PR; 2) Presence of Cj-axis of symmetry in 
the ligand, since HIV PR is unique in functioning as a homodimer with a Cj-axis of 
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symmetry; 3) Presence of the hydroxyl group for interaction with the ASP 25 and ASP 25 ’ of 
the HIV PR; 4) Presence of P„ and P„' hydrophobic groups for complementary binding 
with the HIV protease active site; and 5) Suitably cyclizing the molecule in order to 
provide a high degree of stmctural pre-organization. 


Flap He 50 - NP ^,HN - Ilejo' Flap Flap He 50 - NH - Hejo' Flap 



/ \ Catalytic ASP25-CG2H 'O2C-ASP25' 

Catalytic ASP25-CO2H ■O2C-ASP25' 

Peptidomimetic inhibitor binding at HIV-PR active site via Structural 
Figure-9 Water; and the Structurally Preorganised Cyclic Urea Inhibitor at the 
active site showing the urea oxygen displacing structural water 

Thus starting from the first report of cyclic urea derivatives as potent inhibitors of HIV 
PR- by Lam et al., huge libraries of cyclic urea derivatives of varying ring size; 


O 



Bn = Benzyl 


29 BMP 323 R = 3 -(hydroxymethyl)benzy; 

30 DMP 450 R = 3 -aminobenzyl 


Figure -10 

containing diverse hydrophobic complementary groups; and amide N-substituents have 
been synthesized. The most potent of them were DMP 323, DMP 450. 

The 6 -membered cyclic urea with decent inhibitory activity against HIV PR was 
synthesized based on the acyclic Gj symmefric HIV PR inhibitor A-74704.^‘® 
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OH 



31a PhCHj- 89 

31b CH2=CHCH2- 53 
31c cyclopropyl methyl 9 

a) Inhibition of HIV PR was measured using flurogenic 
substrate under assay conditions as in Kageyama, S. et al 
Antimicrob. AgentsChemother. 1993, 57, 272 


A study on the effect of ring size and other cyclic scaffolds on the inhibitory activity of 
the cyclic series of HIV PR inhibitors led to the synthesis of 8-membered cyclic urea & 
cyclic sulphanamides^^® and 5-, 6- and 7-meinbered imidazolidinones.^” 




Based on the structural studies on DMP 323, a 7-membered cyclic oxanamide^’^ and a 
cyclic urea^'^ have been synthesized containing large, hydrophobic, Pn, Pn’ side chains, 
as potent HIV PR inhibitor. 
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Figure-14 Azacyclic urea: HIV PR Inhibi 

Oral bioavailabilities of these inhibitors increased on the introduction of non-symmetrical 
amide substituents.^*^ 6-lactam derivatives have also been reported as potent HIV PR 
inhibitors 



6-Lactams: nonpeptide R = Di-substituted pyridines 

Inhibitors Non-symmetrical cyclic urea benzamides 


Figure-15 
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Ring Closure Metathesis 

Transition metal catalyzed C-C bond formations belong to the most important class of 
reactions in organic synthesis. Almost every kind of transformations and covalent bond 
formations have been achieved by transition metal catalyzed reactions. The total 
synthesis of fluvirucin 41 by Hoveyda et is a classic example, which includes no 

less than nine transition-metal catalyzed reactions. 



NHCO2CF3 


Fluvimcin 


Me 


Me 

Figure-16 

One particularly interesting of such metal-catalysed reactions is olefin metathesis, a metal 
catalysed exchange of alkylidene moieties between alkenes (For a brief history and 
mechanism of olefin metathesis, see references 318-335). 



Figure-17 General Principle of olefin metatht 
Olefin metathesis can induce both cleavage and formation of C-C double bonds. Special 
functional groups are not necessary. Although this reaction did not get familiar among 
organic chemists for many years, the recent abrapt end to this “Sleeping-Beauty” slumber 
has been due to the development of novel catalysts that can effect the conversion of 
highly functionalized and sterically demanding olefins under mild reaction conditions 
and in high yields. From the synthesis of fine-tuned polymers to the synthesis of various 
small molecules, olefin metathesis is very common in most organic syntheses today. A 
cursory glance at the current synthetic literature attests to the explosion in the application 
of metathesis.^^’’^^* The highly developed ring closure metathesis has been proven to be 
the key step in the synthesis of a growing number of natural products. The number of 
applications of this reaction has dramatically increased in the past few years. Particularly, 
since this transformation utilizes no additional reagents beyond a catalytic amount of 
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metal carbon and the only other product from the reaction is, in most cases, a volatile 
olefin such as ethylene. 



Figure-18 Metal Catalysed Metathesis Reactic 
Among various metal catalysed metathetic reactions, of present interest to us is the 
transition metal catalysed ring closure olefin metathesis (RCM). The mechanism of both 
cyclic and acyclic olefin metathesis proceeds through a series of metallocyclobutanes and 
carbene complexes.^^^^'** 




R2, 
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R2 


R2 
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r1 


m 

r1 
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'r1 
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.R1 



r1 r1 

Figure-19 _ \ 

Mechanism of Olefin metathesis according to the Chauvin mo 


Recently, ring closure metathesis (RCM) has received a great deal of attention for the 
synthesis of medium or large sized rings from acyclic diene precursors. This intensive 
study is primarily due to the development of well-defined metathesis catalysts that are 
tolerant to many functional groups and also reactive towards a diverse range of 
substrates. Whether a polymer or cyclic compound is formed from any given diene is 

most often determined by thermodynamic rather than kinetic factors.^'*^ 
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(ADMET) and ring-closing reactions depends on ring size, dilution, substrate and 
catalyst. 

RCM Cyclizations 

In general, four-membered rings cannot be obtained, while five- to seven-membered 
rings form readily due to their relatively low ring strain. Due to its higher tolerance 
towards substituents / functional groups and greater stability, Grubb s ruthenium 
complex A is a valuable resource. The cyclopenteneol derivative 43, a precursor for 
carbocyclic nucleoside, was synthesized by cyclising the allylic alcohol 42, through 
RCM protocol.^'*® 




Cyclization of mono gem-substituted dienes 44 afforded trisubstituted cyclic alkenes, 
using A. But cyclization to the disubstituted cyclic olefin required B, and could not be 
synthesized with A. 



E=C02Et m,n = lA3 

44 



E=C02S n = l,2 

46 




B 10mol% 



49 


X=S, 99% 
S-S,77% 
O, 99% 
NH, 82% 


Scheme-5 

Monosulfide containing dienes 48 were cyclized in excellent yields to 49 with catalyst B. 
However, the yields for the formation of the cyclic olefins were strongly influenced by 
the substitution pattern around the double bonds.^'*^'^'^® 
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The Schoellkopf aminoacid synthesis followed by RCM gives, via pirocyclic systems, 
conformationally restricted a-amino esters which would otherwise be difficult to prepare 
in optically active form.^"^^ 



RCM has been employed as a key step in the synthesis of a natural product 
castanospennine,^^® by a novel approach using a substrate with one of the olefmic groups 
as an a,P-unsaturated ester.^^/ 



Application to Peptide Systems- 

Due to the high activity and functional group tolerance of the metathesis catalysts A-C, 
RCM has recently extended its utility to the area of peptide chemistry. Except for in some 
cases, the RCM of NH amide containing diolefins is generally clean. The two most 
obvious causes of worry during the RCM of peptide substrates is the presence of NH and 
C=0 functional groups. RCM reactions with basic amines is problematic because the 
catalyst gets inhibited by the complex-forming properties of amines and amides, even 
with the use of Grubb’s mthenium catalyst. 



1. 4 %, A 
2.NaOH 


Bn— N 
79 ®/^ 


55 


Scheme-8 

Benzyldiallylamine could be cyclized only after conversion into the hydrocloride 54. 


However, the Schrock’s catalyst seems to be better choice for this reaction.^^^ The 
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catalyst-inh-ibiting coinplcxation. with basic nitrogen can often be suppressed by steric 
hindrance. 



In reactions with cx,p- or p,Y-unsaturated compounds, the catalysts may become inhibited 
by intra-molecular interaction with the carbonyl group. 


N, 



N, 


O 


■m- 



©-►[M] 


Figure-21 

Use of higher substituted double bonds solves this problem (Grubbs^^'*). Primary attack at 
the N-allyl group prevents formation of an inhibiting chelating structure. 



Effects of complexating structural elemi 


Thus, highly functionalised six- and seven-membered amino esters or acrylic amides 61 
were prepared from aminoacid-derived dienes 60 with the Ru catalyst 


xA 

60 


N'''^C02l 


A, 5 mol% 
reflux 


Me 


R 


Scheme-11 



C02Me 


X = 0;R = H 20%X = H2;R = H 0% 

= PMB 93% =PMB 54% 

= CH2Fer 89% =CH2Ferl8% 

= Boc 93% 


In many cases Grubb’s ruthenium catalysts are active even in the presence of free NH- 
amides. Starting with optically active vinyl and allyl glycine, various pyrrolidine and 
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piperidine derivatives by were synthesized. Although apparently favored due to 

steric blocking of the NH group by the trityl group, it seems that the NH-amides 62 and 
64 could not be cleanly cyclized by catalyst Ab. 



7.5 %, Ab 


76 % O 



Scheme-12 H ^3 




Tr = PhjC, PMB = ;7-MeOC6H4CH2 


The balance between RCM and ROM (Ring Opening Metathesis) is affected by ring 
strain. Cyclization of diallyethers to eight-membered rings proceeded smoothly with 
Grubb’s catalyst for the Trans compound than the Cis compound.^^’ 



Dipeptide 68 underwent a conformationally favoured cyclization to an eight-membered 
ring, the diazocine derivative 69 in 51% yield. 


Me02C 


10 %, B 
51% 

go/ 68 Scheme-15 




Me02C. 


'I 






— 10%, Ac 



70 Scheme-16 



Synthesis of AB 
H taxane system 
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The relatively strained AB-taxane system 71 was synthesized by RCM on the precursor 
70?^®(Scheme-16) 

Cyclization to the nine-membered rings are more challenging than the eight-membered 
rings. Very less literature exists on the synthesis of nine-thirteen membered rings. Larger 
ring systems are generally more readily accessible. Due to the ring size, cis and trans 
double bonds can be formed. The yields are dependent on the ring size and the position 
of the resulting double bond.^^^ 

Although low yielding, the synthesis of the highly functionalized pentacycle 72, 
containing the ABCD system of the alkaloid manzamine A is remarkable. 



Figure-22 Manzamine 

Another noteworthy example is the facile synthesis of peptides with and without 
conformational restrictions in the backbone.^®* Reaction of tetrapeptide precursor dienes 
with the catalyst A afforded 14-membered cyclic tetrapeptides 74, 75. 



A 12-membered bicyclic macrolide Lasiodiplodin was synthesized quantatively via RCM 
reaction by slowly combining two solutions of the diene 76 and the Ru-catalyst Aa via 
dropping funnels.^®' 

The tricyclic core of roseophiiin has been prepared using RCM as a key step.^^^ 
Cyclization of diene 78 required a bulky restraint group R on the bicycilc moiety and X 
on the olefinic handle, to provide the anju-bridged silylether 79. 
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Hoveyda et al. have reported the synthesis of the anti-fiingal agent Sch38516 through the 
RCM of a fully functionalized acyclic precursor in excellent yield?®'^ 



Scheme-19 

Nicolaou’s synthesis of Epothilin A is a classic culmination to the show of potential of 
the ring closing metathesis for the construction of complex molecules. Using RCM as the 
key step, Nicolaou et al synthesized Epothilin A from 82, under mild conditions in 85% 
yield.^®" 



Scheme-20 
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In the end, one of the largest cyclic compounds constructed by metathesis is the 38- 
membered ring 85, by Ghadiri et Supramolecular interactions between 

cyclopeptides 84 were used in the synthesis of this ring. Nonpolar solvents assist this 
cyclization by arranging the cyclic molecules to cylindrical arrays by intermolecular 
hydrogen bonding. The cyclization did not occur in polar solvents, due to lack of H- 
bonding.^^^ 




Scheme-21 
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Present Study 

In light of the urgent need to counter the "silent epidemic", acquired immunodeficiency 
syndrome (AIDS) caused by a very adaptable and smart Human Immunodeficiency Virus 
(HTV), numerous drug design methodologies have evolved. The stractural framework and 
reproductive mechanism of the virus has been very well understood by now; but the viral 
mechanism that results in its synthesis of resistant strains to newer dmgs, is not. Libraries 
of small peptides that mimic the substrates are being designed and synthesized to arrive 
at a better understanding of the vims and its mechanism of action. Linear peptides are 
flexible and exhibit n^lmerous conformations in solution and even in the solid state, 
which does not serve our purpose for better understanding of the enzyme activity. 
However, analogues of native peptide can be conformationally restricted in which 
important recognition elements are appropriately placed in a three-dimensional geometry. 
This would lead to better entropic binding with the active site and provide direct 
information about the bioactive conformation of the peptide ligand,^^^ and a great deal of 
indirect information about the three dimensional interplay between receptor and ligand, 
which would help us in designing better dmg candidates. Frequently, such restrictions 
also result in increased affinity for a particular receptor with simultaneously diminished 
sensitivity to other peptidases resulting in greater specificity towards that receptor. 
Constraining peptides also result in better oral- and bio-availability of the ligands leading 
to their therapeutic utility as dmgs. A number of X-ray sfructures of proteases with their 
corresponding peptide inhibitors show that local regions of peptides bound to active site 
adopt an extended conformation very similar to a protein beta sheet or beta strand. One 
important stmctural feature of many biologically active peptides and proteins is the (3 
turn motif 



Figure-1 
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p-tum renders a local constrain with in the peptide framework through possible hydrogen 
bonding interactions, p-tum is a tetra-peptide sequence in which the aC(i) - aC( 4 ) distance 
is ~ 7 A and which occurs in the non-helical region of a protein Several types of beta 
turns are found in proteins and the type VI turn is a unique member of the beta turn 
family because it is the only turn that involves an S-cis peptide bond. Type VI beta turns 
always contain a proline residue at the i+2 position since, peptides that incorporate this 
amino acid are the only ones that can exist substantially in the S-cis configuration. These 
are often found in peptides and proteins containing the sequence ArProAr, where Ar 
represents an amino acid with aryl side chain. Type VI p turns are subdivided into type 
Via and Vlb turns. In type Via turns, an intramolecular hydrogen bond is formed 
between the carbonyl oxygen of the residue and amide hydrogen of the z+3* residue. 
In die type VT P turns, this hydrogen bonding interaction is lacking because, the carbonyl 
C=0 of the proline residue faces the carbonyl of the z* residue, hence forcing the C-N 
amide bond of the z+3*^ residue away from the latter. 



Type Via p-Tum Figure-2 Type Vlb p-Tum 


The understanding of the conformation of type VI beta turn is very cmcial to the 
development of inhi bitors for HIV protease. This is mainly due to the unique specificity 
shown by the HIV PR, unlike other mammalian endopeptidases, for the selective 
cleavage of Phe/Tyr-Pro amide bonds in the Matrix-Capsid domain of the gag-pol 
polyproteins. Hence, incorporation of this type of beta turns in native peptide ligands 
could lead to biologically active peptides. 

The trans rotamer of the L-proline containing peptides can also adopt the y-tum due to 
the appropriate positioning of the carbonyl and the amide NH groups for hydrogen 
bonding. Gamma turn is found in tripeptide sequences. It is also identified as an 
important structural element for inqjarting constraints in conformations of peptides. 


226 



Part B Section I 


Gonformationally Constrained Peptides: Present Study 



cw-rotamer ?ran5-rotamer 

Figure-3 ytum 


In view of the importance of constrained conformations, there have been several attempts 
to lock peptides into turn configurations and to synthesize molecules that might mimic a 
turn in an otherwise normal peptide. However, we wished to utilize this turn among 
proline containing peptides for the synthesis of conformationally constrained small 
peptides incorporating the hydroxymethylcarbonyl (HMC) isostere, as stracture and 
mechanism based inhibitors of HIV PR. 

Given such a background, our objective was to synthesize and conformationally constrain 
acyclic peptides incorporating the unnatural aminoacid statine analogue (AHPPRA) |3- 
phenylisoserine, containing the hydroxymethylene isostere (HMC), into cyclic peptides. 
We envisioned that the tripeptieds derived from sequence where L-proline is involved in 
a gamma turn would be an ideal precursor for such cyclisations. 

In view of this goal, we set to synthesize small peptides (di- and tri-peptides), 
incorporating the p-phenyl isoserine unnatural aminoacid, containing functional groups 
that can be manipulated by suitable chemical transformations to the corresponding 
conformationally constrained cyclic peptides. The highly functional-group friendly, 
transition metal catalysed ring closure metathesis (RCM) protocol was the chemical 
transformation of choice to both cyclise and to generate another peptide surrogate as a 
spacer for cyclisation, the trans-do\xh\& bond. 

We reasoned that cyclic tripeptides of the type A where proline is incorporated in the z+1 
/ i+2 position, would serve to be good leads as inhibitors of HIV-PR based on the 
following considerations about the known recognition and structural elements in the HIV 
PR active site. 

1) Presence of proline residue in the tripeptide is essential, due to its unique recognition 
by the HTV PR; it imparts a turn (p/y-tum) to the peptide at any position and hence 
structurally preorganises the peptide for cylisation; presence of the turn motifs would 
prove to be advantageous to arrive closer to the biological conformation of the peptide. 
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2) The lactone carbonyl, as amply demonstrated in earlier parts of the review, could 

serve to replace the structural flap molecule at the HIV PR active site by forming 
hydrogen bonds with the flap He NHs, an entropically and enthalpically favourable 
process. 

3) The HMC isostere would, as demonstrated in the previous sections, serve as a 
peptidomimic and bind to the active aspartyl groups as a surrogate of the structural water 
molecule 

4) The aromatic groups would provide the required hydrophobicity to the Pi site and even 
extend to the P2 site, a characteristic requirement of HIV PR active site pockets 

5) Appropriate amino acid residues at Pf and P 2 ' for better binding. 

We reasoned that cyclisation would be eased by placing a proline residue at z+1 position, 
which would serve to both induce a turn, and to mimic the Phe-Pro or Tyr-Pro scissile 
bond of the HIV PR substrate cleavage sites. 



Schematic representation of the Proposed Positive Ligand-Enzyme 
Binding interactions of the cyclic tripeptidesl, 2 and HIV PR 

Figure-4 

How crucial is this turn for conformationally constraining the peptide, would be best 
understood by disallowing a beta turn, with proline as the i+2 residue (Figure-5) and the 
absence of a fourth peptide which precludes the possibility of any turn. Keeping in 
consideration, the peptide bonds, aromatic 7t-stacking interactions (between the phenyl 
and aryl ring systems), y-tum and the presence of a cyclic amino acid residue (proline) as 
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part of the cyclic peptide, the resulting macrocyclic 15-membered rings would be 
restricted to a narrow degree of rotational and torsional freedom which is a desired 
feature. The trans double bond would act as a suitable spacer amidst all these restrictions 
as well as serve as a peptide surrogate. 

These peptides, incorporating a P-phenylisoserine derivative, can be synthesized with the 
help of the PAS COS catalyzed methodology, as described earlier. Epoxidation of the N- 
cinnamoyl-dipeptide-allylesters and its opening with a suitable aromatic amine, 
containing a "N-terminal handle" for later cyclisation, would lead to the synthesis of 
tripeptides of the type A / B. Allylanisidine and allyl ester were chosen as the N- and C- 
terminal handles respectively. Allylanisidine was chosen for the following reasons, (i) it 
would mimic the Tyr-Pro scissile amide bond at HTV PR substrate cleavage sites (Figure- 
6); (ii) RCM catalysts need amines to be sterically protected as tertiary amines, in the 
substrate, for efficiency in reactions and (iii) the stereochemistry of ring opening of 
epoxides by secondary-anilines has been established by us as “anti”.^^° 



Allylanisidine handle in 2, mimicing the 
Tyr- residue of Tyr-Pro peptide bond-1 


The substrates were synthesized by the epoxidation, of allyl-N-cinamoyl-amino esters in 
the presence of polyaniline supported cobalt (II) salen, and the subsequent opening of the 
epoxide by allyl anisidine, mediated by cobalt chloride. 
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We conducted our initial studies with the structurally simple dipeptides incorporating the 
P-phenylisoserine derivative, containing the N- and C-terminal olefinic handles. Thus 0- 
allyl-N-cinnamoyl-(L)-prolinate 3 and 0-allyl-N-cinnamoyl-(L)-leucinate 8 were 
synthesized from their corresponding carboxylic acids by esterification with allyl 
bromide in acetone. N-cinnamoyl protected proline was synthesized directly by coupling 
equivalent amounts of cinnamoyl chloride with proline in the presence of triethylamine, 
in either dichloromethane or acetonitrile, at 0 °C. 



Whereas, N-cimiamoyl-(L)-leucine was synthesized by base hydrolysis and subsequent 
acidification of the corresponding methyl ester, obtained by mixed anhydride coupling of 
cinnamicacid and methyl-(L)-leucinate hydrochloride. 
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Scheme-2 


'niese diolefinic substrates were subjected to aerobic oxidation in the presence of 
poylaniline supported cobalt (II) Saien. It was gratifying to note that chemoselective 
epoxidation occurred, exclusively on the cinnamoyl double bond, in excellent yields. 
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While facial selectivity was observed = -64.28°; c = 0.007) in the case of 

proline containing dipeptide isostere 4; low rotation value for 9 ([a]D™ 2°2 = +8°; c = 
0.005) implied poor facial selectivity. Epoxide 4 was obtained as a mixture of two 
diatereomers (1:1.8; from *H NMR). We assigned the stereochemistry of the major 
diastereomer to be (3S,2R), from the negative rotation value of 4 (correlation from the 
corresponding methylester). These epoxides were opened with allylanisidine catalysed by 
cobalt (II) chloride to obtain the |3-phenylisosrine containing dipeptides 5 and 10 in good 
yields. Dipeptide 4 yielded the anri-diastereomer of 5 predominantly (1:2.2). Cobalt (II) 
chloride was chosen over the polymer-supported catalyst for opening because 
surprisingly, we observed better yields for opening of epoxides of allyl-N-cinnamoyl- 
amino esters, with allylanisidine by the former over the latter. 

For the RCM on .these substrates, we chose the relatively more stable and more reactive 
of the metal alkylidene catalysts, the Gmbb's ruthenium ben 2 ylidene catalyst. 

ncy-k 

I 

^ P(Cy)3 11 
Grubb's ruthenium 
ben^Kdene catafyst 

Figure-7 

With the absence of any structural pre-organising elements like the p- or y-tum, and 
although too less literature exists for the synthesis of 10-14 membered cyclic compounds 
using the Grubbs catalyst, we expected better cyclization in the case of 5 than 10. We 
reasoned the possibility of an 180° turn provided by the proline residue, if at all, to bring 
the terminal olefins closer for cylcization. 

Typically, Grubb's catalyst 11 (10 mol% of diene) was taken in a dry flask and flushed 
with a constant flow of nitrogen. To this was added, dry CH 2 CI 2 (0.012 mM with respect 
to the amoimt of diene) and stirred vigorously for 10 min. A violet coloured solution 
resulted. A solution of diene in dry CH 2 CI 2 (0.012 mM) was added slowly (~2 mL/min) 
to the stirring solution. After complete addition, the reaction mixture was set to reflux 
under nitrogen atmosphere for 18 h. Then, a fresh lot of a solution of 11 (10 mol%) in 
CH 2 CI 2 was added to the reaction mixture and stirring continued for another 18 h, after 
which, the solvent was removed and the resulting residue, purified by column 
chromato^phy. But 5 failed to cyclise in the presence of Gmbb’s Ruthenium alkylidene 
catalyst under several conditions of high dilution, catalyst concentrations and longevity 


231 



Part B Section I Confoimationally Constrained Peptides: Present Study 

of the reaction. The complete recovery of the starting material led us to believe that the 
12-membered ring was too strained to form due to the presence of cyclic proline residue. 
However, subjection of 2 which lacks such strain, to Grubb’s cyclization conditions also 
did not yield any positive results. 



However, to check the possibility of the catalyst being "killed" by chelation with the 
nitrogen, we attempted the cyclisation of the non-amine containing dipeptides; ally-N-(3'- 
allylhydroxycinnamoyl)-prolinate 15a and -leucinate 15b. These were synthesized by the 
di-allylation of the corresponding hydroxy acids 14a, b with allyl bromide in the presence 
of potassium carbonate. 

The presence of a third olefinic double bond (the cinnamoyl double bond) apart from the 
terminal olefins in 15a and 15b, was seen as any problem in this reaction, as it would be 
much less reactive and strained to participate in RCM. 



Subjection of 15a & 15b to Gmbb's cyclisation conditions yielded the cyclised product in 
minor (25 % & 10 % respectively) amoimts, among other oligomeric products and the 
recovered starting material. 
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The low yields of the cyclised product suggested the presence of high-energy ring strain 
in these dipeptides. This ring strain could be responsible for the lowering in the rate of 
cyclisation, than the rate of decomposition of the catalyst - and hence resulting in 
recovery of the dienes in the former cases. However, we expected that unlike in the case 
of these pseudo-dipeptides, the corresponding tripeptides, where cyclisation would 5 deld 
larger (15 membered) rings, this strain would be much less and the possibility of turn 
structures in the molecule would add to facilitate the cyclisations. 

Thus, we cautiously turned our focus to the synthesis of cyclic tripeptides through their 
acyclic precursors. The olefinic tripeptides, for epoxidation were synthesized with proline 
as the /+/* and i+2* amino acid residue from the cinnamoyl group, by the mixed 
anhydride coupling procedure using methylchloroformate as the C-terminal activating 
group in THF (Scheme-8). 

The syntheses of N-cinnamoylprolinate containing peptides were higher yielding and less 
cumbersome. These were synthesized as shown in Scheme-8. N-protection of proline was 
accomplished in dichloromethane or acetonitrile by the slow addition of one equivalent 
of ciimamoylchloride to a suspension of proline in a solution of triethylamine in the 
solvent at 0 °C and stirring for 7-8 hours. Washing with acid (IN.HCl) and drying 
yielded the N-cinnamoyl-proline, which was coupled with the second amino acids by the 
mixed anhydride coupling procedure. To a solution of N-cinnamoyl-proline in THF was 
added triethylamine, at -5 °C. To this was added methylchloroformate followed by a 
solution of the methyl-amino ester hydrochloride in (CH 30 ) 2 S 0 , and triethylamine. Base 
workup of the concentrated reaction mixture followed by it's purification in column 
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chroniatographLy gave the N-ciiuiainoyl-proliiie containing dipeptides, 20a, b. Base 
hydrolysis of the N-cinnamoyl dipeptide esters and its subsequent acidification with acid, 
yielded the corresponding carboxylic acids, which were esterified with allylbromide in 
the presence of K 2 CO 3 in acetone (Scheme-8). 



The tripeptide derivatives 22a, b were prepared by our polyaniline supported cobalt (II) 
salen (PASCOS) catalyzed aerobic epoxidation and its opening with allylanisidine, as 
described in Scheme-8, from the peptide precursors. The peptides 20a and 20b were 
subjected to aerobic epoxidation in the presence of 2-methylpropanal and catalytic 
amounts of PASCOS to yield the corresponding epoxides 21a and 21b respectively as 
predominantly one diastereomer. Froin sign of rotation (negative) and correlation with 
the ‘H NMR of the precursor methylester, the absolute stereo-chemistry of the 
predominant (7:3 (2.5:1) diastereomer was assigned as (3S,2R) — from the cinnamoyl 
carbonyl (ratio obtained from the ratio of NMR signals for the P-epoxyme1hine 
proton - verified by correlation wiUi the studies on the epoxidation of Methyl-N- 
cinnamoyl-(L)-proline-(L)-leucinate). Examination of the N-cinnamoyl-dipeptide- 
allylesters for their low energy conformations with the help of Hyperchem energy 
minimization package showed that, in 20a,b, the allyl groups provided greater facial bias 
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to the cinnamoyl double bond, than rendered by their methyl ester counterparts, hence 
resulting in the observed increase in diastereoselectivities. We have shown earlier that 
the cobalt catalyzed opening of cinnamoyl epoxides take place by an Sn 2 pathway 
leading to the trans distereomer as the predominant product. Thus we obtained two 
distereomers each, for 22a and 22b. The predominant one in each case (3:1) was seen to 
possess the tram stereochemistry. These peptides showed the presence of intramolecular 
hydrogen bonding as indicated by the appearance of low field 'H NMR signal at 7.43 
ppm (J= 8Hz) due to amide proton. The presence of intramolecular hydrogen bonding in 
these structures suggested that these molecules are preorganized due to presence of y-tum 
which may facilitate the cyclization of 22 via ring closure metathesis using Grubb’s 
catalyst.^^^ This indeed was the case; as subjecting 22a and 22b to ring closure metathetic 
conditions yielded the corresponding cyclized peptides in moderate yields (Scheme-9). 



A solution of the diene (22a or 22b) in dichloromethane (0.3mM) was added drop wise to 
a stirring solution of the Grubb’s ruthenium benzylidine catalyst (20mol%) in 
dichloromethane (0.3 mM with respect to the diene). After complete addition, the 
mixture was set to reflux under N 2 atmosphere for 36 hours, quenching the catalyst by 
exposure to air, concentration and purification by flash column chromatography, yielded 
the cyclized products 23a and 23b respectively fi'om 22a and 22b, in 45-55% yield. 
These cyclic peptides were obtained as a mixture of E:Z (4:1) isomers as indicated by 
NMR. The reaction mixture also contained some oligomeric products and about 20% of 
the tripeptides 4 were recovered unchanged. By comparison of the ratios of the 
anisylmethoxy peaks for the two diastereomers in the recovered product, it was evident 
ftiat the major trans-disatereomer had cyclized in about 60% yield. The proton NMR 
(7.45ppm, J=8.23Hz) of the cyclic peptides 6 revealed the presence of intramolecular 
hydrogen bonding which clearly suggests that y-tum is also present in the cyclic form and 
may be responsible for the cyclization and the earlier observed diastereoselectivity. 
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That the presence of a y-tum may be responsible for such cyclization is evident from the 
ring closure attempts on the acyclic tripeptides 28a and 28b, containing L-proline as the 
C-terminal residue (Scheme-10). The tripeptides 28a, b, which lack a y-tum, were 
synthesized by the protocol as defined in Scheme- 10. 



Scheme-10 28bR-Ph 


Thus, the methyl-N-cinnamoyl-dipeptide esters 24a, b were converted to the 
corresponding allyl-N-cinnamoyl dipeptide esters 26a-b respectively, by the mixed 
anhydride coupling method. These allyl ester dipeptides were transformed to the 
corresponding epoxides 27a,b. The epoxidation was effected in the presence of 3- 
methylpropanal and catalytic amounts of PASCOS, under aerobic conditions. These 
epoxides also showed a negative sign of rotation and thus it was concluded that the 
(3S,2R) diastereomer was formed predominantly (1.6:1-62:38) (^H NMR) in these cases 
too. These epoxides were subjected to cobalt (II) chloride catalysed opening by N-allyl 
anisidine as described earlier to afford the tripeptides 28a, 28b respectively. The 
tripeptides 28a and 28b were subjected to ring closure metathesis reaction in 
dichloromethane (0.6 mM) using the Gmbb’s catalyst (20%). The reaction was 
performed at higher dilution (0. 1 mM) and concentra.tion (3mM), for longer periods in 
the presence of, upto 30 mol% of Grubb's catalyst, but to no avail. 
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To our initial dismay, but later interestingly, the cyclic peptides 29a or 29b were not 
observed and the reaction mixture consisted of intractable oligomeric material apart from 
the unreacted 28a, b (~20-30%). Among other non-polar components of the mixture was 
the notable presence of tricyclohexyl phospine. It was studied by Grubb’s et al that the 
Ruthenium catalyst gets decomposed in the presence of sterically unencumbered amines, 
due to ligation with the amine. 

Ph 




That a cross metathesis of the metal alkylidene complex (formed with the terminal olefin) 
can occur with the carbonyls in the substrate, has been reported in many cases. This is 
especially true for systems with amide groups having free N-H. And, hence we 
concluded that the observed intractable side-products were due to these side reactions 
duimg the ring closure metathesis of the tripeptides 28a-b. It is interesting to note the 
absence of such an observation in the case of 23a-b. Thus, proline as the (i+1) residue in 
these tripeptides, seems to be essential to; i) provide a y-tum to the tripeptide for its 
structural pre-organization, whose absence in 28a-b, did not yield the desired cyclic 
product and ii) render the carbonyl unavailable for any undesired side reactions. This was 
also substantiated by molecular model studies on these RCM precursors. Energy 
minimization studies on the RCM precursors 22a,b showed the unambiguous presence of 
a g-tum motif, due to the presence of proline. The energy minimized conformation of the 
RCM precursors 22a and 22b showed that the terminal olefins get placed in a converged 
fashion, for facile cyclisation in the presence of a carbene initiator (11) (refer to the 
molecular model diagrams). In the case of 22a, the energy barrier to be over come, for 
the two olefins to react is only the 180“ flip of the isobutyl side chain. In the case of 22b, 
the barrier is even lesser. The energy minimization studies on the cyclised products 23a, b 
revealed that the constrained peptides containing the i?-double bond was strain free and 
of lesser energy, than that comprising the Z-double bond. 
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We wished to synthesize bigger macrocycles, by going from tri-to-tetra-peptide with the 
proline as the i+1 residue. Since N-cinnamoyl proline leucine system was the most 
successful and high yielding substrate among the tripeptides, we chose to extend the 
tripeptide with isoleucine due to its relative abundance in many cleavage site sequences 
of substrates, by HIV PR. 



Thus, the N-cinnamoyl tripeptide was synthesized as shown in Scheme- 12. Amin o acid 
residues were added to the peptide chain, using the mixed anhydride method. Base 
hydrolysis and 0-allylation with allyl bromide, in acetone, of the methyl ester 30, gave 
the corresponding allylester 32 in good yields. The N-cinamoyl-tripeptide 32 was 
subjected to epoxidation conditions in the presence of PASCOS and 2-methylpropanal, 
under aerobic atmosphere resulting in the epoxide 33 in good yields. The epoxidation 
proceeded highly diastereoselectively and the absolute stereochemistry of the major 
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diastereomer (~>9:1, NMR) was assigned as (3S,2R) from the negative sign of 
rotation of the epoxide and it's NMR correlations. Opening of the epoxide 33 in the 
presence of cobalt chloride with allylanisidine gave the P-phenylisoserine containing 
tetrapeptide 34 in good yields, predominantly (3:1) as the anti diastereomer. 



The tetrapeptide 34 was subjected to RCM, in the presence of 20 mol% of Grubb’s 
catalyst in dichloromethane (0.6 mM) in reflux conditions as described earlier. Inspite of 
the presence of structural preorganization in the opened product-tetrapeptide, as shown 
by the low field NMR signal for the amide protons at 5 6.93 and 5 7.18 ppm the 
reaction did not proceed as expected. The starting material was recovered (45 %) along 
with many intractable high polar products. Probably, with the choice of allylanisidine and 
allylester as the diene handles, it seemed from these experiments that tripeptides were 
best suited for cyclisation through the RCM protocol using Grubb's ruthenium alkylidene 
catalyst 11. The increase or decrease in chain length of the tripeptide, incorporating the 
p-phenylisoserine moiety, seems to kill the catalyst or result in oligomeric products. 

Thus we have demonstrated the chemo- and substrate-directed stereo-selective 
epoxidation of several N-cinnamoyl peptides. Stereoselectivity seems to increase with 
increase in chain length. Peptides with proline residue alpha to the ciimamoyl olefin 
undergo epoxidation with greater stereoselectivity reaffirming the presence of additional 
secondary structural elements like y,p turn in the peptides, as observed in IH NMR. 
Different di-, tri- and tetra- peptides, incorporating the P-phenylisoserine moiety 
containing the HMC isostere were synthesized. These are proposed to be prospective 
leads as drug candidates of HIV PR inhibitors. 

Cyclisation studies on the acyclic dienes using the RCM protocol wifri the help of 
Grubb’s ruthenium benzylidine catalyst showed need for a preorganisational element in 
the peptides for cyclization. Proline at the i+1 position of the peptide, provided the 
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required y-tum to the molecule, thus structurally preorganizing the terminal olefins for 
metathesis. In larger peptides, there seems to be a need to alklylate the amide nitrogens, 
as they may hinder the activity of the catalyst. We have reported the cyclization of two of 
the tripeptide precursors to get to novel cyclic peptides which are proposed to be 
prospective drug leads in AIDS therapy as HIV-l PR inhibitors. These cyclic structures 
contain the required binding elements viz. a viz., the lactone carbonyl, to displace the flap 
water in the HIV PR active site for greater entropic biding; the hydroxymethylcarbonyl 
isostere which is most essential for binding with the aspartyl groups, displacing the 
structural water molecule from the active site and hence the inactivation of the virus; and 

I 

the presence of hydrophobic side chain elements at Pn-Pn sites to meet the hydrophobic 
requirements at the Sn-Sn' pockets in the HIV PR enz3ane. 
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Experimental Section 

Materials and Methods 

Acetonitrile, ethyl acetate, hexane, THF and all other solvents were purified by standard 
procedures. C 0 CI 2 was purchased from LOBA Indian Limited and dried at 140 °C for 4 h 
before use. All the amino acids were bought from SpectroChem India Limited and used 
as such. Cinnamic acid, anisidine, allyl bromide, triethyl amine, potassium carbonate, 
ethylene diamine, methylchloroformate, 2 -methylpropanal (isobutyraldehyde) were all 
procured commercially and were purified before use. The secondary amine N-allyl-p- 
anisidine was synthesised following the known procedure.^*^ The aldehydes were 
distilled before use. Amines were re-crystallized before use. Polyaniline supported Co(II) 
Salen was prepared according to procedure developed in our lab.^*^ Column 
chromatography was performed on ACME silica-gel eulant. TLC was performed on 
ACME silica-gel-G coated glass plates and were visualised using UV lamp. NMR 
spectra were recorded using Jeol PMX-60 system, Bruker WP-80, Jeol 300 FTNMR or 
INMLA400 FTNMR machines in CCI 4 /CDCI 3 . Chemical shift are given relative to TMS 
in ppm(5). Multiplicity is indicated using the following abbreviations: s(singlet), bs(broad 
singlet), d(doublet), dd(doublet of a doublet), ddd(doublet of a doublet of a doublet), 
dt(doublet of a triplet) td(triplet of a doublet), q(quartet) and m(multiplet). The FAB mass 
spectra were recorded on JEOL SX 102/DA 6000 mass spectrometer data system using 
Argon (6 Kv, 10 mA) as the FAB gas. Optical rotations were measured in Autopol® II/ 
Autopol® III polarimeters. All the known compounds were characterized by comparing 
with the literature data. IR spectra were recorded on Perkin Elmer 683 
spectrophotometer, using either a neat sample or a solution in CCI 4 /CH 2 CI 2 and solids 
were examined as KBr pellets and the values are reported in v^ax (cm'^). HPLC analyses 
were done with Rainin System fitted with Dynamax® SD-200 pump and detected with 
Groton PDA solonet Diode Array Detector. 

General Procedure for the Synthesis of methyl-L*amino ester hydrohloride 

To an ice cold, stirring suspension of the L-amino acid (1 equivalent) in methanol (1 
mL/mmol) was added thionylchloride (1.1 equivalents) drop wise from a dropping 
funnel. The clear solution that resulted was stirred at room temperature for 3 h. Me&anol 
was removed in vacuo and the resulting solid was washed with dry ether. Drying under 
vacuo yielded the amino ester hydrochloride in nearly quantitative yields, which was 
used for further reaction in the next step without any further purification. 

In general it was observed that coupling reactions with methyl-amino ester 
hydrochlorides were better yielding when these were freshly synthesised before use for 
subsequent synthesis, due to the hygroscopic nature of most of these salts. 

General Procedure for the Synthesis of methyl-N>cinnamoyl-amino ester 
Method A 

To a stirring, ice cold solution of cinnamic acid (1 equivalent) and triethylamine (1 
equivalent) in THF (1.5 mL/mmol) was added methylchloroformate (1 equivalent) and 
the mixture was stirred vigorously for 2 minutes.* After which, a solution of the amino 
ester hydrochloride (1.1 equivalents) in DMSG (0.5 mL/mmol) was added followed by 
triethylamine (2.2 equivalents) dissolved in THF (1 mL/mmol). The reaction vessel was 
allowed to warm to room temperature and vigorously stirred for further 3-4 h. 
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Triethylaniine hydrochloride was filtered off on a sintered funnel under suction and 
washed with THF. Removal of solvent from the filtrate under vacuo yielded a residue, 
which was dissolved in EtOAc 2mL/mmol) and washed with saturated aqueous 
solution of NaHC03, water and brine. Drying (Na 2 S 04 ) and evaporation of solvent under 
vacuo yielded the crude product which was further purified by column chromatography 
(EtOAc:Hexane) to yield the required product usually as good solids in good yields. 

* On prolonging beyond this time, usually methyl cinnamate is formed in healthy 
quantities as a side product. 

Method B 

To a stirring ice cold solution of cinnamoyl chloride (1 equivalent) in dichloromethane (1 
mL/mmol) was added the amino ester hydrochloride (1.1 equivalents) followed by a 
solution of triethylamine (2.2 equivalents) in dichloromethane (1 mL/mmol) drop wise 
through a dropping funnel. After complete addition of triethylamine, the reaction mixture 
was vigorously stirred for a further 5-6 h and then diluted with dichloromethane (1 
mL/mmol). Work up as described in method A, with saturated aqueous solution of 
NaHCOa, water and brine and purification by column chromatography yielded the N- 
cinnamoyl amino ester in good yields. 

In general, it was observed that yields of methyl-N-cinnamoyl-amino esters were better 
by method A, than by method B. 

General Procedure for the Synthesis of N-cinnamoyl-amino acid 
Method A 

To an ice cold solution of cinnamoylchloride (1 equivalent) in dichloromethane (1 
mL/mmol) was added the L-amino acid (1 equivalent). To the stirring mixture a solution 
of triethylamine (2.2 equivalents) in dichloromethane (1 mL/mmol) was added drop wise 
at such a rate that the vessel temperature did not exceed 10 °C. After complete addition, 
the reaction mixture was warmed to room temperature and stirring was continued for 4-5 
h. The solvent was evaporated in vacuo. To the resulting residue was added while 
stirring, aqueous solution of IN HCl until no more acidification occurred (formation of 
milky white precipitate ceased). The aqueous suspension of yellowish white solid was 
filtered on a sintered funnel under suction and dried by spreading on cellulose filter paper 
for 10 h in a dessicator, to yield the N-cinnamoyl amino acid in excellent yields. 

Method B 

To a solution of the methyl-N-cinnamoyl amino ester (1 equivalent) in MeOH (4 
mL/mmol) was added a solution of LiOH.H20 (1.2-1.5 equivalents) in water (1 
mL/mmol)* and stirred at room temperature until completion of reaction (TLC - 
complete disappearance of starting material). Methanol was removed under vacuo and the 
aqueous part was acidified with an aqueous solution of IN HCl by drop wise addition and 
simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue - if it was a solid- was 
filtered off on a sintered funnel under suction and dried on cellulose filter paper for 10 - 
12 h in a dessicator; or, if it was a gum, was extracted with dichloromethane, dried 
(anhydrous sodium sulphate) and concentrated under vacuo; to yield the N-cinnamoyl 
amino acid, usually in good yields as a solid or gum. 
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*It might be required to use warm water to dissolve LiOH-HiO in case of larger scale 
reactions (> 20 mmol). In which case, after dissolving in warm water, it is better to cool 
the solution before addition to the methanolic solution of the methyl ester. 

It is notable that the TLC patterns of most of these N-cinnamoyl peptides with free 
carboxyl group appear as white streaks, on visualising in iodine chamber. 

General Procedure for the Polyaniline Supported Cobalt(ll)salen (PASCOS) 
catalysed Epoxidation of N-Cinnamoyl-peptides: 

To a solution of the N-cinnamoyl-peptide methyl ester (1 equivalent) in CH3CN (5 
mL/mmol) was added 2-methylpropanal (2 equivalents) and PASCOS catalyst (~5 mg) 
and the contents were stirred under oxygen atmosphere at RT for 12 h. After this time, a 
fresh lot of the catalyst and 2-methylpropanal (2 equivalents)* were added to the reaction 
mixture and allowed to stir, until complete conversion of the olefin (TLC).® The catalyst 
was filtered off on a sintered funnel and acetonitrile was removed in vacuo. The resulting 
residue was taken in EtOAc and washed successively with saturated solution of NaHCOs, 
water and brine. Separating the organic phase, drying and concentration in vacuo, yielded 
the corresponding oxirane containing peptide in high purity and yields (HPLC). These 
epoxides were further subjected to column chromatography (silica gel; EtOAcrHexane) 
for purification to get to the pure epoxides in excellent yields. 

* The catalyst should be washed thoroughly with acetonitrile tmtil the wash is constantly 
colorless. Impurities in the catalyst were found to hinder the formation of epoxide. 

* The aldehyde needed to be added in four equivalents for optimum and best conversions. 
Isobutyraldehyde can also be taken in lots of 3 equivalents and then 1 equivalent. 
However, lesser reaction times were realised by adding it in lots of 2 equivalents each. 

® Pre-coated fluorescent silica plates and Silica gel-G coated glass plates were used as 
immobile phase. TLC plates were visualised in 12 chamber and under U.V. light, (254 
nm). Characteristically, all the N-cinnamoyl peptides show up as excellent bright spots 
under U.V. light, whereas the epoxides show up as very light spots under U.V. light. 

General Procedure for the Synthesis of p-phenylisoserine derived acyclic 
precursors for cyclisation 

' To a solution of the glycidic peptide (1 equivalnet), (derived by the PASCOS catalysed 
epoxidation of corresponding N-cinnamoyl-peptide) in acetonitrile (5 mL/mmol) was 
added allyl-p-anisidine (1 equivlent) and C0CI2 (anhydrous) (catalytic) and the contents 
were stirred imtil complete consumption of the epoxide (TLC - EtOAc;Hexane). The 
solvent was removed under vacuum and the resulting residue was taken in EtOAc and 
washed with water. The organic layer was separated, dried (Na2S04) and concentrated to 
yield a residue, which was subjected to purification by column chromatography (silica 
gel-EtOAc:hexane) to yield the corresponding b-phenyioserine derived acyclic precmsor 
for cyclisation (via RCM) in good yields. 

Synthesis of N-allyl-p-anisidine 

To an ice-cold solution of p-anisidine (4.92 gm, 40 mmol) in acetone (60 mL) was added 
a solution of allylbromide (1.22 gm, 10 mmol) in acetone (20 mL) at the rate of 1 
mL/min). The contents of the flask were allowed to stir at ambient conditions for further 
12 h after complete addition of allylbromide. The solvent was removed under vacuo and 
a saturated solution of ZnCh (50 mL) was added and the contents were stirred over night. 
A brown paste forms, which is filtered off on a sintered fiinnel to get a filtrate as a 
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mixture of brown organic and colorless aqueous layers. EtOAc was added to the filtrate 
and the organic phase was separated, dried (Na 2 S 04 ) and concentrated under vacuo to 
yield a brown liquid, which was subjected to column chromatography (Silicagel - 
hexane) to isolate allyl-p-anisidine as yellow oil in good yields (66 %). Small amounts (~ 
5 %) of the di-allyllated product were also formed. 

'H NMR, 60 MHz, CDCI 3 , 5 7.47 (d, J = 8 Hz, 2H), 7.29 (d, J = 8 Hz, 2H), 5.86 - 5.79 
(m, IH), 5.64 (d, J = 12 Hz, IH), 5.60 (d, J = 10 Hz, IH), 4.52 (bs, IH), 4.32 (s, 2H) 

Synthesis of methyl-L-prolinate hydrochloride 

To an ice cold, stirring suspension of L-proline (4.6 gm, 40mmol) in methanol (40 mL) 
was added thionylchloride (3.2mL, 44 mmol) drop wise from a dropping funnel. The 
clear solution that resulted was stirred at room temperature for 3 h. Methanol was 
removed in vacuo and the resulting gummy liquid was washed with dry ether. Drying 
under vacuo yielded methyl-L-proline hydrochloride as a gum in nearly quantitative 
yields, which was used for further reaction in the next step without any further 
purification. 

Synthesis of methyl-L-leucinate hydrochloride 

To an ice cold, stirring suspension of L-leucine (3.93 gm, 30 mmol) in methanol (30 mL) 
was added thionylchloride (2.41 mL, 33 mmol) drop wise from a dropping funnel. The 
clear solution that resulted was stirred at room temperature for 3 h. Methanol was 
removed in vacuo and the resulting solid was washed with dry ether. Drying under vacuo 
yielded methyl-L-leucine hydrochloride in nearly quantitative yields as a crystalline 
white solid, which was used for further reaction in the next step without any further 
purification. 

Synthesis of methyl-L-isoleucinate hydrochloride 

To an ice cold, stirring suspension of L-isoleucine (2.62 gm, 20 mmol) in methanol (20 
mL) was added thionylchloride (1.61 mL, 22 mmol) drop wise from a dropping fimnel. 
The clear solution that resulted was stirred at room temperature for 3 h. Methanol was 
removed in vacuo and the resulting solid was washed with dry ether. Drying under vacuo 
yielded methyl-L-isoleucine hydrochloride in nearly quantitative yields as a crystalline 
white solid, which was used for further reaction in the next step without any further 
purification. It is advisable in the case of reactions with methyl-L-isoleucinate to freshly 
synthesize it every time before use. 

Synthesis of methyl-L-phenylalaninate hydrochloride 

To an ice cold, stirring suspension of L-phenylalanine (3.31 gm, 20 mmol) in methanol 
(20 mL) was added thionylchloride (1.61 mL, 22 mmol) drop wise from a dropping 
funnel. The clear solution that resulted was stirred at room temperature for 3 h. Methanol 
was removed in vacuo and the resulting solid was washed wiA dry ether. Drying under 
vacuo yielded methyl-L-phenylalaninate hydrochloride in nearly quantitative yields as a 
crystalline white solid, which was used for further reaction in &e next step without any 
further purification. 
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Synthesis of N-Cinnamoyl-proline 

To an ice cold solution of cinnamoylchloride (1.67 gm, 10 mmol) in dichloromethane (15 
mL) was added L-proline (1.15 gm, 10 mmol). To the stirring mixture a solution of 
triethylamine (3.1 mL, 22 mmol) in dichloromethane (20 mL) was added drop wise at 
such a rate that the vessel temperature did not exceed 10 °C. After complete addition, the 
reaction mixture was warmed to room temperature and stirring was continued for 4-5 h. 
The solvent was evaporated in vacuo. To the resulting residue was added while stirring, 
aqueous solution of IN HCl until no more acidification occurred (formation of milky 
white precipitate ceased). The aqueous suspension of yellowish white solid was filtered 
on a sintered funnel under suction and dried by spreading on cellulose filter paper for 1 0 
h in a dessicator, to yield N-cinnamoyl proline as a white solid (M.P. = 162 °C) in 
excellent yields (96 %). 

Synthesis of allyl-N-cinnamoyl-prolinate (3) 

To a solution of N-cinnamoyl-L-proline (2.59 gm, 10 mmol) in acetone (15 mL) was 
added K2CO3 (1.52 gm, 1 1 mmol) and allylbromide (1.34 gm, 1 1 mmol) and the reaction 
mixture was set to reflux for 8 h during which time, the reaction was almost complete. 
The inorganic salts were filtered off on a sintered funnel under suction and solvent was 
removed mder vacuo. The resulting residue was taken in EtOAc (25 mL) and washed 
with saturated aqueous solution of NaHCOs (2X10mL), water (2X10mL) and brine 
(IXlOmL). Drying the organic layer (anhydrous Na2S04) and concentration in vacuo 
yielded a thick residue which was purified by column chromatography (EtOAc in 
Hexane-25 %) (TLC - Rf = 0.4; hexane:ethylacetate 2.5:1) to yield allyl-N-cinnamoyl- 
prolinate as a gum, in good yields (72 %). 

'HNMR, 60 MHz, CDCI3, 6 7.75 (d, J = 15 Hz, IH), 7.50 (bs, 5H), 6.75 (d, J = 15 Hz, 
IH), 6.00 (m, IH), 5.45 (d, J = 15 Hz, IH), 5.20 (d, J = 4 HZ, IH), 4.65 (d, J = 7.5 Hz, 
2H), 4.60 (m, IH), 3.85 (m, 2H), 2. 12 (m, 4H) 


Synthesis of allyl-N-(3-phenylglycidyl)-prolinate (4) 

To a solution of the allyl-N-cinnamoyl-prolinate (855 mg, 2 mmol) in CH3CN (10 mL) 
was added 2-methylpropanal (288 mg, 4 mmol) and PASCOS catalyst (~5 mg) and the 
contents were stirred under oxygen atmosphere at RT for 12 h. After this time, a fresh lot 
of the catalyst and 2-methylpropanal (288 mg, 4 mmol) were added to the reaction 
mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf = 0.5; 
EtOAc:Hexane - 1:2). The catalyst was filtered off on a cintered funnel and acetonitrile 
was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) and washed 
successively with saturated solution of NaHC03 (2X10 mL), water (2X10 mL) and brine 
(1X10 mL). Separating the organic phase, drying (Na2S04) and concentration in vacuo, 
yielded the corresponding oxirane containing peptide 4 in high purity and yields (HPLC). 
This 'was further subjected to column chromatography (silica gel; EtOAc:Hexane - 2:3) 
for purification to get to the pure epoxide 4 as a gum in excellent yields (85 %) = - 

64.28° (c = 0.007, CH2CI2). 

'HNMR, 60 MHz, CDCI3, 6 7.20 (bs, 5H), 5.90 (m, IH), 5.30 (d, J = 16 Hz, IH), 5.25 (d, 
J = 10 Hz, IH), 4.60 (d, J = 6 Hz, 2H), 4.55 (dd, J = 3 Hz & 1.5 Hz,l H), 4.10 (d, J = 3 
HZ, IH), 3.70 (bs, IH), 3.60 (m, IH), 3.40 (d, J = 3 Hz, IH), 2.00 (m, 4H). 
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Synthesis of allyl-N,N-(allyl,p-methoxyphenyl)-p-phenylisoserine-prolinate 

(5) 

To a solution of allyl-N-( 3 -phenylglycidyl)-prolinate (452 mg, 1.5 mmol), m acetonitrile 
(7.5 mL) was added allyl-p-anisidine (244 mg, 1.5 mmol) and C 0 CI 2 (5 mg) and the 
contents were stirred until complete consumption of the epoxide (TLC - EtOAc:Hexane - 
1:1.5). The solvent was removed tmder vacuum and the resulting residue was taken in 
EtOAc (20 mL) and washed with water (2X5 mL). The organic layer was separated, dried 
(Na 2 S 04 ) and concentrated in vacuo to yield a residue, which was subjected to 
purification by column chromatography (silica gel - EtOAcrhexane - 1 :2) to yield allyl- 
N,N-(allyl,p-methoxyphenyl)-P-phenylisoserine-prolinate 5, in good yields (52 %) as a 
gum [a]D^^ = -41.38° (c = 0.0145, CH 2 CI 2 ). 

^HNMR, CDCI3, 60 MHz, 5 7.25 (s, IH), 7.1 (s, 2H), 6.65 (s, 2H), 5.65 (m, 2H), 5.3 (s, 
IH), 5.2 (s, IH), 5.05 (m, IH), 4.9 (d, J = 3 Hz, IH), 4.75 (d, J = 6 Hz, IH), 4.65 - 4.40 
(m, 4H), 4.25 (t, J = 3.2 Hz, IH), 3.95 (d, J = 5.6 Hz, IH), 3.71 (s, 3H), 3.3 (d, J = 9 Hz, 
IH), 2.2 - 2.06 (m, 2H), 2.02 - 1.91 (m, 2H). MS m/z 464 (M^, 252, 182, 154 

Synthesis of methyi-N-cinnamoyi-ieucinate (6) 

To a stirring, ice-cold solution of cinnamic acid (1.48 gm, lOmmol) and triethylamine 
(1.4 mL, lOmmol) in THE (15 mL) was added metiiylchloroformate (0.77 mL, 10 mmol) 
and the mixture was stirred vigorously for 2 minutes. After which, a solution of methyl 
leucinate hydrochloride (2 gm, 10 mmol) in DMSO (4-5 mL) was added followed by 
triethylamine (3.1 mL, 22 mmol) dissolved in THE (15 mL). The reaction vessel was 
allowed to warm to room temperature and vigorously stirred for further 3-4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel rmder suction and 
washed with THE. Removal of solvent from the filtrate under vacuo yielded a residue 
which was stirred with saturated aqueous solution of NaHCOs (20 mL) for 15 minutes. 
The bicarbonate layer was decanted and the resulting semi solid washed with water 
(2X10 mL). An yellow solid precipitated, which was filtered off on a suction funnel and 
dried in a dessicator under vacuum, on a cellulose filter paper for 10 h. Purification of the 
resulting solid by column chromatography (EtOAc:Hexane = 1:5.25) (TLC - Rf = 0.5; 
hexane:ethylacetate 5:1) yielded the above said compound as a crystalline white solid 
(M.P.= ) in good yields (85%). [ajo^ = +20° (c = 0.01, CH2CI2). 

‘H NMR, 60 MHz, CDCI3, 6 7.73 (d, J = 8.2Hz, IH), 7.60 (d, J = 16Hz, IH), 7.35 (s, 
3H), 6.70 (d, J = 16Hz, IH), 4.90 (dd, J = 10.2Hz & J = 5.6Hz, IH), 3.82 (s, 3H), 1.73 
(dd, J = 8Hz & J = 1.6Hz, 2H), 1.21 - 1.18 (m, IH), 0.96 (d, J = 6.5Hz, 6H) 

Synthesis of N-Cinnamoyl-leucine (7) 

To a solution of the methyl-N-cinnamoyl leucinate (1.38 gm, 5 mmol) in MeOH (20 mL) 
was added a solution of LiOH.H20 (205 mg, 5 mmol) in water (5 mL) and stirred at room 
temperature until completion of reaction (TLC - EtOAc ihexane - 1:3 - complete 
of starting material). Methanol was removed under vacuo and the aqueous 
part was acidified with an aqueous solution of IN HCl by drop wise addition and 
simult^eous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane (30mL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to yield N-cinnamoyLL-leucine, in good yields (85 %) as a hygroscopic gum. 
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Synthesis of allyl-N-cinnamoyl-leucinate (8) 

To a solution of N-cinnamoyl-L-leucine (313 mg, 1.2 mmol) in acetone (5 mL) was 
added K2CO3 (182 mg, 1.32 mmol) and allylbromide (161 mg, 1.32 mmol) and the 
reaction mixture was set to reflux for 8 h during which time, the reaction was almost 
complete. The inorganic salts were filtered off on a sintered funnel under suction and 
solvent was removed tmder vacuo. The resulting residue was taken in EtOAc (15 mL) 
and washed with saturated aqueous solution ofNaHCOs (2X1 OmL), water (2X1 OmL) and 
brine (IXlOmL). Drying the organic layer (anhydrous Na2S04) and concentration in 
vacuo yielded a thick residue which was purified by column chromatography (EtOAc in 
Hexane-15 %) (TLC - Rf = 0.5; hexane : ethylacetate 2.5:1) to yield allyl-N-cinnamoyl- 
leucinate as a solid (M.P. 66-68 °C), in good yields (66 %) = +15.38° (c = 0.0065, 

CH2CI2). 


NMR, 60 MHz, CDCI3, 5 7.3 (d, J = 16 Hz, IH), 7.3 (s, IH), 6.95 (s, 5H), 6.25 (d, J = 
16 Hz, IH), 5.5 (m, IH), 5.05 (d, J = 9 Hz, IH), 4.80 (t, J = 4.8 Hz, IH), 4.61 (d, J = 7.5 
Hz, IH), 4.42 (d, J = 9 Hz, 2H), 0.90 (m, IH), 0.78 (d, J = 12 Hz, 6H) 

Synthesis of allyl-N-(3-phenylglycyl)-leucinate (9) 

To a solution of allyl-N-cinnamoyl-leucinate (602 mg, 2 mmol) in CH3CN (10 mL) was 
added 2-methylpropanal (288 mg, 4 mmol) and PASCOS catalyst (~5 mg) and the 
contents were stirred imder oxygen atmophere at RT for 12 h. After this time, a fresh lot 
of the catalyst and 2-methylpropanal (288 mg, 4 mmol) were added to the reaction 
mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf = 0.5; 
EtOAc:Hexane - 1:1). The catalyst was filtered off on a sintered funnel and acetonitrile 
was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) and washed 
successively with saturated solution of NaHC03 (2X10 mL), water (2X10 mL) and brine 
(1X10 mL). Separating the organic phase, drying (Na2S04) and concentration in vacuo, 
yielded the corresponding oxirane containing peptide 9 in high purity and yields (HPLC). 
This was further subjected to column chromatography (silica gel; EtOAc:Hexane - 1:4) 
for purification to get to the pure epoxide 9 as an oil in good yields (80 %) = +8° 

(c = 0.005, CH2CI2). 

^H NMR, CDCI3, 60 MHz, 5 7.32 - 7.28 (m, IH), 7.0 (s, 5H), 5.62 - 5.59 (m, IH), 5.15 
(s, IH), 5.05 (d, J = 9 Hz, IH), 4.92 (d, J = 9 Hz, 2H), 3.75 (d, J = 5 Hz, IH), 3.43 (s, 
IH), 1.5 (d, J = 7.5 Hz, 2H), 1.05 (m, IH), 0.79 (d, J = 9 Hz, 6H) 

Synthesis of allyl-N,N-(allyl,p-methoxyphenyl)-p-phenynsoserine-leucinate 

( 10 ) 

To a solution of allyl-N-(3-phenylglycidyl)-leucinate (476 mg, 1.5 mmol), in acetonitrile 
(7.5 mL) was added allyl-p-anisidine (244 mg, 1.5 mmol) and C0GI2 (5 mg) and the 
contents were stirred until complete consumption of the epoxide (TLC - EtOAc:Hexane - 
1:3). The solvent was removed under vacuum and the resulting residue was taken in 
EtOAc (20 mL) and washed with water (2X5 mL). The organic layer was separated, dried 
(Na2S04) and concentrated in vacuo to yield a residue, which was subjected to 
purification by column chromatography (silica gel - EtOAc:hexane - 1:3) to yield allyl- 
N,N-(allyl,p-methoxyphenyl)-P-phenylisoserine4eucinate 10, in moderate yields (50 %) 
as a gum [ajo^^ = 0° (c = 0.0155, CH2CI2). 
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NMR, 400 MHz, CDCI 3 , 6 7.46 - 7.41 (m, IH), 7.31 - 7.28 (m, 2H), 7.24 (dd, J = 5.1 
Hz & 2 Hz, 3H), 7.19 (d, J = 8.8 Hz, IH), 7.09 (d, J = 8 Hz, IH), 6.81 (d, J = 8 Hz, 2H), 
5.85 (tt, J = 13.6 Hz & 5.6 Hz, IH), 5.74 (tt, J = 13.7 Hz & 4 Hz, IH), 5.28 (dd, J = 9.5 
Hz & 1.4 Hz, IH), 5.21 (dd, J = 10.2 Hz & 0.8 Hz, IH), 4.99 (d, J + 10 Hz, IH), 4.89 (d, 
J = 4.7 Hz, IH), 4.76 (d, J = 4.2 Hz, IH), 4.55 (dd, J = 6 Hz & 1.2 Hz, 2H), 4.46 (d, J = 
4.7 Hz, IH), 4.41 (dt, J = 9 Hz & 5.1 Hz, IH), 3.77 (s, 3H), 3.61 (dd, J = 13.4 Hz & 4 Hz, 
IH), 3.46 (dd, J = 14.2 Hz & 6 Hz, IH), 1.36 (ddd, J = 13.9 Hz & 9 Hz& 5.1 Hz, IH), 
1.21 (ddd, J = 13.8 Hz, 6.6 Hz & 4.7 Hz, IH), 0.99 - 0.85 (m, IH), 0.74 (d, J = 6.6 Hz, 
3H), 0.71 (d, J = 6.6 Hz, 3H); MS m/z 479, 252, 197, 170 

Attempts to synthesize cyclic peptide (11) 

To a clean dry flask flushed with N 2 , was added (Pcy) 3 Cl 2 Ru benzylidene catalyst (41 
mg, 0.05 mmol) and CH 2 CI 2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene 5 (1 16 mg, 
0.25 mmol) in CH 2 CI 2 (208 mL), in a period of 1 h. through a syringe. The violet 
coloured solution turned orange. The contents of the flask were stirred after complete 
addition of the diene for 36 h. The reaction was quenched by stirring with 1 mL of water 
for 15 min. The organic phase was dried (Na 2 S 04 ), concentrated and subjected to flash 
column chromatography to isolate the starting material 5 as the major component of the 
mixture, along with P(Cy) 3 . No traces of the expected cyclised product were found. 

To a clean dry flask flushed with N 2 , was added (PcyjsCLRu benzylidene catalyst (41 
mg, 0.05 mmol) and CH 2 CI 2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene 5(116 mg, 
0.25 mmol) in CH 2 CI 2 (208 mL), in a period of 1 h. through a syringe. The violet colored 
solution turned orange. The contents of the flask were stirred after complete addition of 
the diene 5 under reflux, in nitrogen atmosphere for 36 h. The reaction was quenched by 
stirring with 1 mL of water for 15 min. The organic phase was dried (Na 2 S 04 ), 
concentrated and subjected to flash column chromatography to isolate the starting 
material 5 as the major component of tiie mixture, along with P(Cy) 3 . No traces of the 
expected cyclised product were found. 

Attempts to synthesize cyclic peptide (12) 

To a clean dry flask flushed with N 2 , was added (PcyjsCLRu benzylidene catalyst (41 
mg, 0.05 mmol) and CH 2 CI 2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene 10 (120 mg, 
0.25 mmol) in CH 2 CI 2 (208 mL), in a period of 1 h. through a syringe. The violet 
coloured solution turned orange. The contents of the flask were stirred after complete 
addition of the diene for 36 h. The reaction was quenched by stirring with 1 mL of water 
for 15 min. The organic phase was dried (Na 2 S 04 ), concentrated and subjected to flash 
column chromatography to isolate the starting material 10 as the major component of the 
mixture, along with P(Gy) 3 . No tiraces of the expected cyclised product were found. 

To a clean dry flask flushed with N 2 , was added (Pcy) 3 Cl 2 Ru benzylidene catalyst (41 
mg, 0.05 mmol) and CH 2 CI 2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene 10 (120 mg, 
0.25 mmol) in CH 2 CI 2 (208 mL), in a period of 1 h. through a syringe. The violet colored 
solution turned orange. The contents of the flask were stirred after complete addition of 
the diene 5 xmder reflux, in nitrogen atmosphere for 36 h. The reaction was quenched by 
stirring with 1 mL of water for 15 min. The organic phase was dried (Na 2 S 04 ), 
concentrated and subjected to flash column chromatography to isolate the starting 
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material 10 as the major component of the mixture, along with P(Cy)3. No traces of the 
expected cyclised product were found. 


Synthesis of methyl-N-(3’-hydroxy)cinnamoyl-prolinate (13a) 

A stirring solution of (3'-hydroxy)cinnamic acid (820 mg, 5 mmol) and triethylamine (0.7 
mL, 5 mmol) in THF (10 mL) was cooled to -10 °C in an ice-salt bath and to it was added 
methylchloroformate (0.38 mL, 10 mmol) and stirred vigorously for 50 - 60 seconds. 
Then a solution of methyl-L-prolinate hydrochloride (910 mg, 5.5 mmol) in DMSO (2.5 
mL) was added followed by a solution of triethylamine (1.6 mL, 11 mmol) in THF (15 
mL). The mixture was warmed to room temperature by removal of the ice bath and 
vigorously stirred for further 4 h. Triethylamine hydrochloride was filtered off on a 
sintered funnel under suction and washed twice with THF. Removal of solvent from the 
filtrate under vacuo yielded a residue, which was dissolved in EtOAc (20 mL) and 
washed with saturated aqueous solution of NaHCOs (2X10mL), water (2X10mL) and 
brine (IXlOmL). Drying (Na2S04) and evaporation of solvent under vacuo yielded the 
cmde product which was further purified by column chromatography (EtOAciHexane- 
1:1.5) (TLC - Rf = 0.40; hexane:ethylacetate 1.5:1) to yield methyl-N-(3'-hydroxy) 
cinnamoyl-prolinate as a gmn in moderate yields (52 %). 

'H NMR, 60 MHz, CDCI3 6 7.62(d, J = 19 Hz, IH), 7.16 (d, J = 8 Hz, IH), 7.08 - 6.96 
(m, 3H), 6.89 (d, J = 3 Hz, IH), 6.69 (d, J = 19 Hz, IH), 4.6 (dd, J = 6 Hz & 4.2 Hz, IH), 
3.85 (d, J. = 9.6 Hz, IH), 3.70 (s, 3H), 3.65 - 3.50 (m, IH), 2.22 - 2.18 (m, IH), 2.10 (dd, 
J = 9 Hz & 3 Hz, 2H), 2.00 - 1.92 (m, IH) 

Synthesis of N-(3'-hydroxy)cinnamoyl-proline (14a) 

To a solution of the methyl-N-(3'- hydroxy)cinnanioyl-prolinate (247 mg, 1 mmol) in 
MeOH (4 mL) was added a solution of LiOH.H20 (41 mg, 1 mmol) in water (1 mL) and 
stirred at room temperature until completion of reaction (TLC - EtOAc:hexane - 1:1.5 - 
complete disappearance of starting material). Methanol was removed under vacuo and the 
aqueous part was acidified with an aqueous solution of IN HCl by drop wise addition and 
simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane (3 X lOmL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to yield the carboxylic acid, N-(3'-hydroxy)cinnamoyl-proline 14a, in good yields 
(78 %) as a hygroscopic solid. 

Synthesis of diallyl-N-(3'-allyioxy)cinnanioyl>prolinate (15a) 

To a solution of N-(3'-hydroxy)cinnamoyl-proline (185 mg, 0.75 mmol) in acetone (5 
mL) was added K2CO3 (228 mg, 1.66 mmol) and allylbromide (202 mg, 1.66 mmol) and 
the reaction mixture was set to reflux for 8 h diuing which time, the reaction was almost 
complete. The inorganic salts were filtered off on a sintered funnel under suction and 
solvent was removed under vacuo. The resulting residue was taken in EtOAc (10 mL) 
and washed with saturated aqueous solution of NaHC03 (2X5 mL), water (2X5 mL) and 
brine (1X5 mL). Drying the organic layer (anhydrous Na2S04) and concentration in 
vacuo yielded a thick residue which was purified by column chromatography (EtOAc in 
Hexane-30 %) (TLC - Rf = 0.4; hexane:ethylacetate 2:1) to yield the diene diallyl-N-(3'- 
allyloxy)cinnamoyl-prolinate 15a as a gum, in moderate yields (65 %). 
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NMR 80 MHz, CDCI 3 , 5 7.68 (d, J = 19.6 Hz, IH), 7.28 - 6.98 (m, 4H), 6.69 (d, J = 
19.6 Hz, IH), 6.21 (dt, J = 10.2 Hz & 4.8 Hz, IH), 5.89 (ddd, J = 15 Hz, 5.6 Hz & 2.4 
Hz IH)’ 5 46 (d, J = 7 Hz, IH), 5.42 (d, J = 6.0 Hz, IH), 5.30 (dd, J = 16 Hz & 2 Hz, 
IH) 5.21 (td, J = 17.5 Hz & 1.6 Hz, IH), 4.76 - 4.62 (m, IH), 4.66 (d, J = 8.8 Hz, 2H), 
4.52 (dd, J = 5.6 Hz & 1.5 Hz, 2H), 3.82 (dt, J = 10 Hz & 3.2 Hz, IH), 3.71 (dd, J = 6 Hz 
& 5.6 Hz, IH), 2.25 (dd, J = 4.8 Hz & 1.2 Hz, IH), 2.18 (d, J = 4.5 Hz, IH), 2.12 - 1.96 
(ni,2H) ’ 

Synthesis of methyl-N-(3'-hydroxy)cinnamoyl-leucinate (13b) 

A stirring solution of ( 3 '-liydroxy)cinnamic acid (820 mg, 5 mmol) and triethylamine (0.7 
mL, 5 mmol) in THF (10 mL) was cooled to -10 °C in an ice-salt bath and to it was added 
metiiylchloroformate (0.38 mL, 10 mmol) and stirred vigorously for 50 - 60 seconds. 
Then a solution of methyl-L-leucinate hydrochloride (1 gm, 5.5 mmol) in DMSO (2.5 
mL) was added followed by a solution of triethylamine (1.6 mL, 1 1 mmol) in THF (15 
mL). The mixture was warmed to room temperature by removal of the ice bath and 
vigorously stirred for further 4 h. Triethylamine hydrochloride was filtered off on a 
sintered funnel under suction and washed twice with THF. Removal of solvent from the 
filtrate imder vacuo yielded a residue, which was dissolved in EtOAc (20 mL) and 
washed with saturated aqueous solution of NaHCOs (2X1 OmL), water (2X1 OmL) and 
brine (IXlOmL). Drying (Na 2 S 04 ) and evaporation of solvent under vacuo yielded the 
cmde product which was further purified by column chromatography (EtOAc:Hexane- 
1:2) (TLC: Rf=0.5; hexane:ethylacetate 1.5:1) to yield methyl-N-(3'-hydroxy)cinnamoyl- 
leucinate as a gum in moderate yields (52 %). 

^H NMR, 80 MHz, CDCI 3 5 7.46 (d, J = 16.4 Hz, IH), 7.16 (d, J = 4.5 Hz, IH), 6.96 - 
6.81 (m, 3H), 6.70 (s, IH), 6.28 (d, J = 16.4 Hz, IH), 4.73 (dd, J = 8 Hz & 7.6 Hz, IH), 
3.65 (s, 3H), 1.66 (d, J= 11.5 Hz, 2H), 1.23 - 1.00 (m, IH), 0.96 (d, J = 6.8 Hz, 6 H) 

Synthesis of N-(3'-hydroxy)cinnanfioyl-leuclne (14b) 

To a solution of the methyl-N-(3'-hydroxy-cinnamoyl)-leucinate (782 mg, 2 mmol) in 
MeOH (12 mL) was added a solution of LiOH.H 20 (82 mg, 2 mmol) in water (3 mL) and 
stirred at room temperature until completion of reaction (TLC - EtOAc:hexane - 1:1.5 - 
complete disappearance of starting material). Methanol was removed under vacuo and the 
aqueous part was acidified with an aqueous solution of IN HCl by drop wise addition and 
simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane (3 X lOmL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to yield the carboxylic acid N-(3'-hydroxy-cinnamoyl)-leucine 14b, in good yields 
(78 %) as a hygroscopic solid. 

Synthesis of allyl>N-(3'-allyloxy)ctnnamoyi-leucinate (15b) 

To a solution of N-(3'-hydroxy-citmamoyl)-leucine (416 mg, 1.5 mmol) in acetone (7.5 
mL) was added K 2 CO 3 (456 mg, 3.3 mmol) and allylbromide (402 mg, 3.3 mmol) and the 
reaction mixture was set to reflux for 8 h during which time, tihe reaction was almost 
complete. The inorganic salts were filtered off on a sintered funnel under suction and 
solvent was removed under vacuo. The resulting residue was taken in EtOAc (20mL) and 
washed with saturated aqueous solution of NaHC 03 (2X5 mL), water (2X5 mL) and 
brine (1X5 mL). Drying the organic layer (anhydrous Na 2 S 04 ) and concentration in 
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vacuo yielded a thick residue which was purified by column chromatography (EtOAc in 
Hexane-35 %) (TLC - Rf = 0.4; hexane : ethylacetate 2.5:1) to yield the diene allyl-N-(3'- 
allyloxy)cinnamoyl-leucinate 15b as a colourless gum, in moderate yields (65 %). 

'H NMR, 80 MHz, CDCI3 6 7.43 (d, J = 16.5 Hz, IH), 6.97 (d, J = 4 Hz, IH), 6.85 - 6.70 
(m, 3H), 6.68 - 6.60 (s, IH), 6.28 (d, J = 16.5 Hz, IH), 6.10 - 5.85 (m, IH), 5.80 - 5.48 
(m, IH), 5.45 (d, J = 5.6 Hz, IH), 5.40 (d, J =? 6 Hz, IH), 5.28 (d, J = 10 Hz, IH), 5.20 (d, 
J = 9.5 Hz, IH), 4.68 (dd, J = 15 Hz & 8.5 Hz, IH), 4.52 (d, J = 8 Hz, 2H), 4.45 (d, J = 5 
Hz, 2H), 1.62 (dd, J = 7.5 Hz & 4 Hz, 2H), 1.20 - 1.10 (m, IH), 0.98 (d, J = 6.5 Hz, 6H) 

Synthesis of the Cyclic peptide (16) 

To a clean dry flask flushed with N2, was added (Pcy)3Cl2Ru benzylidene catalyst (41 
mg, 0.05 mmol) and CH2CI2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene 15a (82 mg, 
0.25 mmol) in CH2CI2 (208 mL), in a period of 1 h. through a syringe. The violet 
coloured solution turned orange. The contents of the flask were stirred after complete 
addition of the diene for 36 h. The reaction was quenched by stirring with 1 mL of water 
for 15 min. The organic phase was dried (Na2S04), concentrated and subjected to flash 
column chromatography to isolate the starting material 15a as the major component of 
the mixture. No traces of the expected cyclised product were found. 

To a clean dry flask flushed with N2, was added (Pcy)3Cl2Ru benzylidene catalyst (41 
mg, 0.05 mmol) and CH2CI2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene 15a (82 mg, 
0.25 mmol) in CH2CI2 (208 mL), in a period of 1 h. through a syringe. The violet colored 
solution turned orange. The contents of the flask were stirred after complete addition of 
die diene 15a mder reflux, in nitrogen atmosphere for 36 h. The reaction was quenched 
by stirring with 1 mL of water for 15 min. The organic phase was dried (Na2S04), 
concentrated and subjected to flash column chromatography (EtOAc:hexane - 3:2) to 
isolate the required cyclised product 16 as a gum in very moderate yields (25 %), along 
with the starting material 15a as the major component of the mixture. 

^H NMR, 80 MHz, CDCI3 5 7.47 (d, J = 18 Hz, IH), 7.12 (d, J = 4 Hz, IH), 7.04 - 6.92 
(m, 3H), 6.83 (d, J = 3.2 Hz, IH), 6.35 (d, J = 18 Hz, IH), 6.26 (dd, J = 4.8 Hz & 2 Hz, 
IH), 5.80 (dt, J = 8 Hz & 4.8 Hz, IH), 4.77 (dd, J = 8 Hz & 6 Hz, IH), 4.72 - 4.40 (m, 
4H), 1.63 (dd, J = 10 Hz & 4.5 Hz, 2H), 1.18 - 1.10 (m, IH), 0.96 (d, J = 8 Hz, 6H) 

Synthesis of the Cyclic peptide (17) 

To a clean dry flask flushed with N2, was added (Pcy)3Cl2Ru benzylidene catalyst (41 
mg, 0.05 mmol) and CH2CI2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene 15b (86 mg, 
.25 mmol) in CH2CI2 (208 mL), in a period of 1 h. through a syringe. The violet coloured 
solution turned orange. The contents of the flask were stirred after complete addition of 
the diene for 36 h. The reaction was quenched by stirring with 1 mL of water for 15 min. 
The organic phase was dried (Na2S04), concentrated and subjected to flash column 
chromatography to isolate the starting material 15b as the major component of the 
mixture. No traces of the expected cyclised product were found. 

To a clean dry flask flushed with N2, was added (Pcy)3Cl2Ru benzylidene catalyst (41 
mg, 0.05 mmol) and CH2CI2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene 5 (86 mg, 
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.25 mmol) in CH 2 CI 2 (208 mL), in a period of 1 h. through a syringe. The violet colored 
solution turned orange. The contents of the flask were stirred after complete addition of 
the diene 15b under reflux, in nitrogen atmosphere for 36 h. The reaction was quenched 
by stirring with 1 mL of water for 15 min. The organic phase was dried (Na 2 S 04 ), 
concentrated and subjected to flash column chromatography (EtOAc.hexane - 50 %) to 
isolate the required cyclised product in poor yields (10 %), along with the starting 
material 15b as the major component of the mixture. 

‘H NMR, 80 MHz (FT), CDCI3, 5 7.56 (d, J = 18 Hz, IH), 7.05 - 6.78 (m, 4H), 6.51 (m, 
4H), 6.51 (d, J = 18 Hz, IH), 5.94 - 5.72 (m, IH), 5.68 (ddd, J = 18 Hz, 8.5 Hz & 5 Hz, 
IH), 5.16 (dd, J = 7.2 Hz & 6 Hz, IH), 4.62 (d, J = 7.5 Hz, 2H), 4.46 (dd, J = 6 Hz & 1.2 
Hz, 2H), 2.48 - 2.32 (m, IH), 2.29 (d, J = 4 Hz. IH), 2. 16 - 1 .82 (m, 2H) 

Synthesis of methyl-N-cInnamoyl-proline-leucinate (18a) 

A stirring solution of N-cinnamoyl-proline (2.45 gm, 10 mmol) and triethylamine (1.4 
mL, 10 mmol) in THF (15 mL) was cooled to -10 °C in an ice-salt bath and to it was 
added methylchloroformate (0.77 mL, 10 mmol) and stirred vigorously for 50 - 60 
seconds. Then a solution of methyl-L-leucinate hydrochloride (2.00 gm, 1 1 mmol) in 
DMSO (0.5 mL) was added followed by a solution of triethylamine (3.1 mL, 22 mmol) in 
THF (15 mL). The mixUire was warmed to room temperature by removal of the ice bath 
and vigorously stirred for further 4 h. Triethylamine hydrochloride was filtered off on a 
sintered funnel under suction and washed twice with THF. Removal of solvent from the 
filtrate under vacuo yielded a residue, which was dissolved in EtOAc (30 mL) and 
washed with saturated aqueous solution of NaHCOs (2X1 OmL), water (2X1 OmL) and 
brine (IXlOmL). Drying (Na 2 S 04 ) and evaporation of solvent imder vacuo yielded the 
cmde product which was further purified by column chromatography (EtOAc:Hexane- 
1:1.5) (TLC - Rf = 0.40; hexane:ethylacetate 1.5:1) to yield methyl-N-cinnamoyl-L- 
proline-L-leucinate as a solid (M.P. = 78-80 °C) in good yield (80 %); [a]D^^ = -170.5 (c 
= 0.01,CH2Cl2). 

‘H NMR, 400 MHz, CDCI 3 , 6 7.74 (d, J = 15.3 Hz, IH), 7.66 (d, J = 7.32 Hz, IH), 7.56 - 
7.54 (m 2H), 7.39 - 7.35 (m, 3 H), 6.76 (d, J = 15.6 Hz, IH), 4.57 - 4.47 (m, 2H), 3.73 (s, 
3H), 3.70 - 3.61 (m, 2H), 2.51 - 2.46 (m, IH), 2.06 - 2.03 (m, IH), 2.21- 2.12 (m, IH), 
1.89 - 1.81 (m, 2H), 1.67 - 1.56 (m, 2H), 0.91 (d, J = 5.6 Hz, 3H), 0.88 (d, J = 5.6 Hz, 
3H); IR (KBr) v„,ax 3400, 3030, 2950, 2880, 1730, 1640, 1600, 1480, 1440 cm‘‘; FT IR 
(CH 2 CI 2 ) : 3278, 3059, 2956.5, 2872.7, 1744.8, 1649.6, 1598.1, 1542.1, 1498.0, 1425.3 

Synthesis of methyl-N-cinnamoyl-proline-phenylalaninate (18b) 

A stirring solution of N-cinnamoyl-proline (2.45 gm, 10 mmol) and triethylamine (1.4 
mL, 10 mmol) in THF (15 mL) was cooled to -5 in an ice-salt bath and to it was added 
methylchloroformate (0.77 mL, 10 mmol) and stirred vigorously for 50 - 60 seconds. 
Then a solution of methyl-L-phenylalninate hydrochloride (2.37 gm, 1 1 mmol) in DMSO 
(5 mL) was added followed by a solution of triethylamine (3.1 mL, 1 1 mmol) in THF (15 
mL). The mixture was warmed to room temperature by removal of the ice bath and 
vigorously stirred for further 4 h. Triethylamine hydrochloride was filtered off on a 
sintered funnel under suction. Removal of solvent firom the filtrate under vacuo yielded a 
residue, which was stirred with saturated aqueous solution of NaHCOs (20mL) for 15 
minutes upon which, a solid precipitated. The aqueous bicarbonate layer was decanted 
and the solid was washed with water (2X1 OmL) and filtered on a sintered funnel under 
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suction. Drying of the solid on a cellulose filter paper in a desiccator under vacuo yielded 
the crude product which was further purified by column chromatography 
(EtOAc:Hexane-l:1.5) (TLC - Rf == 0.40; hexane:ethylacetate 1.5:1) to yield methyl-N- 
cinnamoyl-L-proline-L-phenylalaninate as a solid (M.P. = 41-43 ^C) in good yields (80 
%). [a]D = -102 (c=0.004, CH2CI2). 

NMR, 400 MHz, CDCI3, 6 7.80 (d, J = 8 Hz, IH), 7.73 (d, J = 15.4 Hz, IH), 7.57 - 
7.51 (m, 2H), 7.43 - 7.39 (m, 3H), 7.19 - 7.10 (m, 5H), 6.67 (d, J = 15.4 Hz, IH), 4.84 
(dt, J = 8.1 Hz & 5.4 Hz, IH), 4.73 (d, J = 7.6 Hz, IH), 3.73 (s, 3H), 3.54 - 3.51 (m, 2H), 
3.19 (dd, J = 13.9 Hz & 5.4 Hz, IH), 2.96 (dd, J = 13.9 Hz & 8 Hz, IH), 2.42 - 2.39 (m, 
IH), 1.98 - 1.900 (m, 2H), 1.79 - 1.72 (m, IH); JR (KBr) v„ax 3400- 3300 (br), 3030, 
2980, 1760, 1650, 1600 cm 

Synthesis of N-cinnamoyl-proline-leucine (19a) 

To a solution of the methyl-N-cirniamoyl-proline-leucinate (1.49 gm, 4 mm ol) in MeOH 
(32 mL) was added a solution of LiOH.H20 (164 mg, 4 mmol) in water (8 mL) and 
stirred at room temperature until completion of reaction (TLC - EtOAc : hexane -1:1- 
complete disappearance of starting material). Methanol was removed under vacuo and the 
aqueous part was acidified with an aqueous solution of IN HCl by drop wise addition and 
simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane (3X10 mL), dried (anhydrous sodium sulphate) and concentrated mder 
vacuo to yield N-ciimamoyl-L-leucine as a white solid (M.P. = 136-138 °C), in good 
yields (88 %). 

Synthesis of N-cinnamoyl-proline>phenylalanine (19b) 

To a solution of the methyl-N-cinnamoyl-proline-phenylalaninate (1.22 gm, 3 nunol) in 
MeOH (20 mL) was added a solution of LiOH.H20 (123 mg, 3 mmol) in water (5 mL) 
and stirred at room temperature until completion of reaction (TLC - EtOAc : hexane - 1 ; 
1- complete disappearance of starting material). Methanol was removed rmder vacuo and 
the aqueous part was acidified with an aqueous solution of IN HCl by drop wise addition 
and simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occured on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane ( X lOmL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to yield N-cinnamoyl-phenylalanine as a white solid, in good yields (85 %). 

Synthesis of allyi-N-cinnamoyl-proline-leucinate (20a) 

To a solution of N-cinnamoyl-proline-leucine 19a (1.25 gm, 3.5 mmol) in acetone (20 
mL) was added K2CO3 (531 mg, 3.85 mmol) and allylbromide (470 mg, 3.85 mmol) and 
the reaction mixture was set to reflux for 8 h during which time, the reaction was almost 
complete. The inorganic salts were filtered off on a sintered funnel under suction and 
solvent was removed under vacuo. The resulting residue was taken in EtOAc (25 mL) 
and washed with saturated aqueous solution of NaHC03 (2X10 mL), water (2X10 mL) 
and brine (1X10 mL). Drying the organic layer (anhydrous Na2S04) and concentration in 
vacuo yielded a thick residue which was purified by column chromatography (EtOAc in 
Hexane-40 %) (TLC - Rf = 0.5; hexanexthylacetate 1:1) to yield allyl-N-cinnamoyl- 
proline-leucinate 20a as a gum, in moderate yields (63 %) = -157.47° (c=0.0075, 

CH2CI2). 
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NMR, 80 MHz, CDCI3, 5, 7.60 (d, J = 15 Hz, IH), 7.30 (m, 6H), 6.65 (d, J - 15 Hz, 
IH), 5.71 (m, IH), 5.32 (d, J = 9 Hz, IH), 5.1 (m, IH), 4.91 (m, IH), 4.75 (m, IH), 4.55 
(d, J = 6 Hz, 2H), 3.7 (t, J = 6 Hz, 2H), 2.0 (bs, 4H), 1.65 (dd, J = 9 Hz & 1.5 Hz, 2H), 
1.25 (m, IH), 0.95 (d, J = 6 Hz, 6H) 

Synthesis of allyl-N-cinnamoyl-proline-phenylalaninate (20b) 

To a solution, of N-cinnanioyl-prolin.6-phcn.ylalaiiine 19b (983 mg, 2.5 mmol) in acetone 
(20 mL) was added K2CO3 (380 mg, 2.75 mmol) and allylbromide (336 mg, 2.75 mmol) 
and the reaction mixture was set to reflux for 8 h during which time, the reaction was 
almost complete. The inorganic salts were filtered off on a sintered funnel under suction 
and solvent was removed under vacuo. The resulting residue was taken in EtOAc (25 
mL) and washed with saturated aqueous solution of NaHC03 (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Drying the organic layer (anhydrous Na2S04) and 
concentration in vacuo yielded a thick residue which was purified by column 
chromatography (EtOAc in Hexane-40 %) (TLC - Rf = 0.45; hexaneiethylacetate 1:1) to 
yield allyl-N-cirmamoyl-proline-leucinate 20b as a solid (M.P. = 59-60 °C), in moderate 
yields (65 %) [a]u^^ = -86.67° (c=0.003, CH2CI2). 

’H NMR, 400 MHz, CDCI3, 5, 7.85 (d, J = 7.8 Hz, IH), 7.62 (d, J = 15.6 Hz, IH), 7.44 
(d, J = 7.3 Hz, 2H), 7.33 (d, J = 6.4 Hz, IH), 7.25 (d, J = 6.4 Hz, 2H), 7.14 - 7.09 (m, 
2H), 7.07 - 7.00 (m, 3H), 6.60 (d, J = 15.6 Hz, IHO, 5.73 (ddd, J = 22 Hz, 10.5 Hz & 5.8 
Hz, IH), 5.16 (d, J = 17.1 Hz, IH), 5.08 (d, J = 11.7 Hz, IH), 4.78 - 4.73 (m, IH), 4.59 
(d, J = 7.8 Hz, IH), 4.60 (d, J = 5.4 Hz, 2H), 3.53 - 3.50 (m, IH), 3.40 - 3.36 (m, IH), 
3.08 (dd, J = 13.6 Hz & 5.4 Hz, IH), 2.90 (dd, J = 13.6 Hz & 7.8 Hz, IH), 2.21 - 2.18 (m, 
IH), 1.91 - 1.86 (m, IH), 1.77 (bs, IH), 1.69 - 1.60 (m, IH) 

Synthesis of allyl-N-(3-phenylglycidyl)-proline-leucinate (21a) 

To a solution of allyl-N-cinnamoyl-proline-leucinate (796 mg, 2 mmol) in CH3CN (10 
mL) was added 2-methylpropanal (288 mg, 4 mmol) and PASCOS catalyst (~5 mg) and 
the contents were stirred under oxygen atmophere at RT for 12 h. After this time, a fresh 
lot of the catalyst and 2-methylpropanal (288 mg, 4 mmol) were added to the reaction 
mixture and allowed to stir, imtil complete conversion of the olefin (TLC - Rf = 0.55; 
EtOAciHexane - 1:1). The catalyst was filtered off on a cintered funnel and acetonitrile 
was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) and washed 
successively with saturated solution of NaHC03 (2X10 mL), water (2X10 mL) and brine 
(1X10 mL). Separating the organic phase, drying (Na2S04) and concentration in vacuo, 
yielded the corresponding oxirane contaitiing peptide 21a in high purity and yields 
(HPLC). This was further subjected to column chromatography (silica gel; 
EtOAc:Hexane - 2:3) for purification to get to the pure epoxide 21a as a gum in excellent 
yields (86 %) [ah^^ = -57.5° (c = 0.02, CH2CI2). 

^HNMR, 80 MHz, CDCI3, 5, 7.30 (m, 6H), 5.71 (m, IH), 5.30 (d, J = 6 Hz, IH), 5.10 (m, 
IH), 4.60 (d, J = 6 Hz, 2 H), 4.01 (dd, J = 3 & 0.6 Hz, 2H), 3.59 (t, J = 6 Hz, 2H), 2.01 
(bs, 4 H), 1.65 (dd, J = 9 & 1.5 Hz, 2H), 1.25 (m, IH), 0.95 (d, J = 6 Hz, 6 H); MS m/z 
415 (IVT), 357, 326, 295, 267, 209, 181,149 

Synthesis of allyl-N-(3-phenylglycidyi)-proline>phenylalaninate (21b) 

To a solution of the allyl-N-cinnamoyl-proline-phenylalaninate (650 mg, 1.5 mmol) in 
CH3CN (7.5 mL) was added 2-mefiiylpropanal (216 mg, 3 mmol) and PASCOS catalyst 
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subjected to purification by column chromatography (silica gel - EtOAcrhexane - 5:4) to 
yield allyl-N,N-(allyl,p-methoxyphenyl)-P-phenylisoserine-proline-phenyalaninate 22b, 
in moderate yields (55 %) as a gum [ajo ^ = -58° (c = 0.005, CH2CI2). 


‘HNMR, 400 MHz, CDCI3, 6, 7.30 (m, IH), 7.22 (s, 5H), 6.81 (d, J =10.4 Hz, 2H), 6.73 
(d, J = 16 Hz, IH), 5.25 (d, J = 8 Hz, IH), 5.16 (d, J = 18 Hz, 1 H), 5.10 (d, J = 10 Hz, 
IH), 4.94 (d, J = 3.4 Hz, IH), 4.86 (d, J = 3.4 Hz, IH), 4.62 (m, 2H), 4.55 - 4.53 (m, 2H), 
4.27 (d, J = 1.7 Hz, IH), 3.82 (m, IH), 3.69 (s, 3H), 3.60 (m, IH), 3.50 (m, IH), 2.19 
(m,l H), 2.05 - 2.02 (m, 3H), 1.65 (m, IH), 1.54 (m,l H), 0.98 (d, J = 6.8 Hz, 3H), 0.90 
(d, J = 3.5 Hz, 2H); MS m/z 612 (M^, 360, 330, 302, 252 


Synthesis of Cyclic Peptide (23a) 

To a clean dry flask flushed with N2, was added (Pcy)3Cl2Ru benzylidene catalyst (41 
mg, 0.05 mmol) and CH2CI2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene allyl-N,N- 
(allyl,p-methoxyphenyl)-P-phenylisoserine-proline-leucinate 22a (144 mg, 0.25 mmol) in 
CH2CI2 (208 miL), in a period of 1 h. through a syringe. The violet colored solution 
turned orange. The contents of the flask were stirred after complete addition of the diene 
15b under reflux, in nitrogen atmosphere for 36 h. The reaction was quenched by stirring 
with 1 mL of water for 15 min. The organic phase was dried (Na2S04), concentrated and 
subjected to flash column chromatography (EtOAc:hexane - 70 %) to isolate the required 
cyclised peptide 23a in good yields (46 %) = -72.18° (c = 0.005, CH2CI2) as a gum, 

along with the starting material 22a as the minor component of the mixture. 

^H NMR, 400 MHz, CDCI3, 5 7.26 (s, 5H), 7.01(d, J = 8.8 Hz, IH), 6.76- 6.67 (m, 3H), 
6.50 (d, J = 8.8 Hz, IH), 6.24 (m, IH), 5.90 (m, IH), 5.37 - 5.20 (m, IH), 5.1 1 (t, J = 7.2 
Hz, IH), 4.88 (dd, J = 16 Hz & 6.8 Hz, IH), 4.61 (dd, J = 11.2 Hz «fe 6.8 Hz, 2H), 4.44 
(dd, J = 19.2 Hz & 7.6 Hz, IH), 4.20 (t, J = 7.6 Hz, IH), 4.10 (dd, J = 1.4 Hz & 6.8 Hz, 
IH), 3.75 (m, IH), 3.71 (s, 3H), 3.39 (dt, J = 26 Hz & 9.6 Hz, IH), 2.41 (m, 2H), 2.04 
(m, 2H), 1.68 - 1.57 (m, 2H), 1.25 (m, IH), 0.96 (d, J = 5.2 Hz, 3H), 0.91 (t, J = 5.8 Hz, 
3H); MS m/z 549 (IVT), 492, 386, 325, 267, 211, 196, 165, 155, 131, 126 


Synthesis of Cyclic peptide (23b) 

To a clean dry flask flushed with N2, was added (Pcy)3Cl2Ru benzylidene catalyst (41 
mg, 0.05 mmol) and CH2CI2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene allyl-N,N- 
(allyljp-methoxyphenyl)-P-phenylisoserine-proline-phenyalaninate 22b (149 mg, 0.25 
mmol) in CH2CI2 (208 mL), in a period of 1 h. through a syringe. The violet colored 
solution turned orange. The contents of the flask were stirred after complete addition of 
the diene 22b under reflux, in nitrogen atmosphere for 36 h. The reaction was quenched 
by stirring with 1 mL of water for 15 min. The organic phase was dried (Na2S04), 
concentrated and subjected to flash column chromatography (EtOAc.hexane - 50 %) to 
isolate the required cyclised product in good yields (54 %) [ajo^^ = -57 °(c = 0.005, 
CH2CI2) as a gum, along with the starting material 22b as the minor component of the 
mixture. 

*H NMR, 400 MHz, CDCI3, 6 7.40 (d, J = 7.4 Hz, IH), 7.20-7.32 (m, lOH), 7.00 (d, J = 
8.8 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 5.91 (m, IH), 5.62 (m, IH), 5.31 (bd, J = 17.2 
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^ 12 and 4.8 Hz, IH), 4.62 (m, 2H), 4.18 (dd, J = 1 1.9 and 6 Hz, IH), 3.77 (s, 3H), 3.60 
id, J = 1 1.8 and 5.2 Hz, IH), 3.27 (dd, J = 8.4 and 6 Hz, IH), 2.87 (d, J = 7.8 Hz, IH), 
.65 (d, J = 7.6 Hz, IH), 1.86 (m, IH), 1.60-1.75 (m, 3H); MS m/z 584 (M+), 527, 496, 
66, 450, 406, 368, 342, 263, 212; IR (Neat) v^ax 3300 (s), 3010, 2960, 2880, 1775, 
680, 1600, 1560 

lynthesis of methyl-N-cinnamoyl-phenyialaninate 

'o a stirring ice cold solution of cinnamoyl chloride (1.65 gm, 10 mmol) in 
ichloromethane (15 mL) was added methylphenylalaninate hydrochloride (2.37 gm, 11 
imol) followed by a solution of triethylamine (3.1 mL, 22 mmol) in dichloromethane 
15 mL) drop wise through a dropping funnel. After complete addition of triethylamine, 
le reaction mixture was vigorously stirred for a further 5-6 h and then diluted with 
ichloromethane (15 mL). The organic layer was washed with saturated aqueous solution 
f NaHCOs, water and brine. Drying (Na 2 S 04 ) and evaporation of solvent under vacuo 
ielded the crude product which was further purified by column chromatography 
EtOAc:Hexane = 1:5) (TLC - Rf = 0.5; hexane ethylacetate 4:1) to yield the required 
iroduct as a crystalline white solid (M.P. = 78 °C) in good yields (80 %). 

H NMR, 80 MHz, CDCls, 5 7.68 (d, J = 15.8 Hz, IH), 7.62 - 7.50 (m, 5H), 7.45 - 7.39 
m, 5H), 5.10 (dd, J = 13.5 Hz & 9 Hz, IH), 3.69 (s, 3H), 3.15 (d, J = 6 Hz, 2H) 

Synthesis of N-cinnamoyl-phenylalanine (7b) 

?o a stirring ice cold solution of triethylamine (3.1 mL, 22 mmol) in acetonitrile (30 mL) 
vas added L-phenylalanine (1.65 gm, 10 mmol). A solution of cinnamoyl chloride (1.67 
;m, 10 mmol) in acetonitrile (15 mL) was added drop wise to this solution at such a rate 
hat the reaction vessel temperature did not exceed 10 °C. After complete addition, the 
eaction mixture was wanned to room temperature and stirring was continued for 4-5 h. 
’ollowing acidification and isolation as described in method A yielded N-cinnamoyl-L- 
)henylalanine as a sticky white solid in good yields (85 %). 

Synthesis of methyl-N-cinnamoyl-leucine-prolinate (24a) 

stirring solution of N-cinnamoyl-L-leucine (1.30 gm, 5 mmol) and triethylamine (0.7 
nL, 5 mmol) in THF (10 mL) was cooled to -10 °C in an ice-salt bath and to it was added 
nethylchloroformate (0.38 mL, 5 mmol) and stirred vigorously for 50 - 60 seconds. Then 
L solution of methyl-L-prolinate hydrochloride (916 mg, 5.5 mmol) in DMSO (2 mL) 
vas added followed by a solution of triethylamine (1.6 mL, 11 mmol) in THF (10 mL). 
The mixture was warmed to room temperature by removal of the ice bath and vigorously 
itirred for further 4 h. Triethylamine hydrochloride was filtered off on a sintered funnel 
mder suction. Removal of solvent from the filtrate under vacuo yielded a residue, which 
vas dissolved in EtOAc (20mL) and washed with saturated aqueous solution of NaHCOs 
;2X10mL), water (2X10mL) and brine (IXlOmL). Drying (Na 2 S 04 ) and evaporation of 
solvent imder vacuo yielded the crade product which was fiirther purified by column 
chromatography (EtOAc:Hexane-l:1.5) (TLC - Rf = 0.50; hexanecethylacetate 1.5:1) to 
rield methyl-N-cinnamoyl-L-leucine-L-prolinate as a gum, in good yields (61 %). 

H NMR, 80 MHz, CDCI 3 , 5 7.72(d, J = 16Hz, IH), 7.59(d, J = 8.9Hz, IH), 7.50-7.16 (m, 
5H), 6.47 (d, J = 16Hz, IH), 5.16 (dd, J = 9Hz J = 5.6Hz, IH), 4.58 (dd, J = 10.2Hz & 
1 = 4.8Hz, IH), 4.13 (d, J = 11.2Hz, IH), 3.65 (s, 3H), 3.64 - 3.60 (m, IH), 2.30 - 2.12 
:m, 3H), 2.10 - 1.99 (m, IH), 1.76 - 1.49 (m, 3H), 0.96 (d, J = 5.6Hz, 6H) 
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Synthesis of methyl-N-cinnamoyl-phenylalanine-prolinate (24b) 

A stirring solution of N-cinnamoyl-L-phenylalanine (1.33 gm, 4.5 mmol) and 
triethylamine (0.63 mL, 4.5 mmol) in THF (10 mL) was cooled to -10 °C in an ice-salt 
bath and to it was added methylchloroformate (0.35 mL, 4.5 mmol) and stirred 
vigorously for 50 - 60 seconds. Then a solution of methyl-4-trans-hydroxy-L-prolinate 
hydrochloride (998 mg, 4.95 mmol) in DMSO (2.5 mL) was added followed by a 
solution of triethylamine (1.4 mL, 9.9 mmol) in THF (15 mL). The mixture was warmed 
to room temperature by removal of the ice bath and vigorously stirred for further 4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel under suction. Removal 
of solvent from the filtrate under vacuo yielded a residue, which was dissolved in EtOAc 
(25 mL) and washed with saturated aqueous solution of NaHCOa (2X10 mL), water 
(2X10 mL) and brine (1X10 mL). Drying (Na2S04) and evaporation of solvent under 
vacuo yielded the crude product which was further purified by column chromatography 
(EtOAc:Hexane-l:l) (TLC - Rf = 0.45; hexane : ethylacetate 1:1) to yield methyl-N- 
ciimamoyl-phenylalanine-prolinate as a gum, in good yields (67 %). 

‘HNMR, 80 MHz, CDCI3, 5 7.62 (d, J = 6Hz, IH), 7.46 (d, J = 16.5Hz, IH), 7.50 - 7.35 
(m, 5H), 7.33 (s, 5H), 7.18 (d, J = 8Hz, IH), 6.46 (d, J = 16.5Hz, IH), 5.15 (dd, J = 15Hz 
& J = 8Hz, IH), 4.45 (dd, J = 13.5Hz & J = 6Hz, IH), 4.00 (d, J = 8.8Hz, IH), 3.68 (s, 
3H), 3.57 (d, J = 8Hz, IH), 3.12 (d, J = 8.5Hz, 2H), 2.25 - 2.13 (m, IH), 2.18 (bs, IH), 
2.00 (bs, IH), 1.96 (m, IH) 

Synthesis of N-cinnamoyl-leucine-proiine (25a) 

To a solution of the methyl-N-cinnamoyl-leucine-prolinate (1.12 gm, 3 mmol) in MeOH 
(20 mL) was added a solution of LiOH.HaO (123 mg, 3 mmol) in water (5 mL) and 
stirred at room temperature until completion of reaction (TLC - EtOAc : hexane -1:1- 
complete disappearance of starting material). Methanol was removed under vacuo and the 
aqueous part was acidified with an aqueous solution of IN HCl by drop wise addition and 
simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane (3X10 mL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to yield N-ciimamoyl-leucine-proline, in good yields (78 %) as a sticky 
hygroscopic solid. 

Synthesis of N-cinnamoyl-phenylalanine-proline (25b) 

To a solution of the methyl-N-ciimamoyl-phenyalanine-prolinate (1.22 gm, 3 mmol) in 
MeOH (20 mL) was added a solution of LiOH.H20 (123 mg, 3 mmol) in water (5 mL) 
and stirred at room temperature until completion of reaction (TLC - EtOAc : hexane - 1 : 
1- complete disappearance of starting material). Methanol was removed under vacuo and 
the aqueous part was acidified with an aqueous solution of IN HCl by drop wise addition 
and simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane (3X10 mL), dried (anhydrous sodium sulphate) and concentrated imder 
vacuo to yield N-ciimamoyl-phenylalanine-proline, in good yields (72 %) as a gum. 

Synthesis of allyl>N-cinnamoyl-leucine-prolinate (26a) 

To a solution of N-ciimamoyl-leucine-proline (716 mg, 2 mmol) in acetone (10 mL) was 
added K2CO3 (304 mg, 2.2 mmol) and allylbromide (268 mg, 2.2 mmol) and the reaction 
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mixture was set to reflux for 8 h during which time, the reaction was almost complete. 
The inorganic salts were filtered off on a sintered funnel under suction and solvent was 
removed under vacuo. The resulting residue was taken in EtOAc (20 mL) and washed 
with saturated aqueous solution of NaHCOa (2X10 mL), water (2X10 mL) and brine 
(1X10 mL). Drying the organic layer (anhydrous Na2S04) and concentration in vacuo 
yielded a thick residue which was purified by column chromatography (EtOAc in Hexane 
- 45 %) (TLC - Rf= 0.4; hexane: ethylacetate 1:1) to yield allyl-N-cinnamoyl-leucine- 
prolinate as a gum, in moderate yields (61 %). 

‘H NMR, 400 MHz, CDCI3, 5 7.73 (d, J = 15.6 Hz, IH), 7.53 - 7.52 (m, IH), 7.46 - 7.45 
(m, IH), 7.38 - 7.32 (m, 3H), 7.12 (bs, 1H);7.00 (m, IH), 6.76 (d, J = 15.6 Hz, IH), 5.82 
(ddd, J = 22.4 Hz, 1 1.2 Hz & 5.2 Hz, IH), 5.17 (d, J = 17.2 Hz, IH), 5.10 (d, J = 10 Hz, 
IH), 5.01 - 4.97 (m, IH), 4.74 (d, J = 8.2 Hz, IH), 3.91 - 3.89 (m, IH), 3.83 - 3.80 (m, 
2H), 3.64 (d, J = 8 Hz, IH), 2.04 - 2.00 (m, IH), 1.91 - 1.89 (m, IH), 1.64 - 1.62 (m, IH), 
1.58 - 1.55 (m, IH), 1.28 - 1.20 (m, 2H), 1.13 - 1.07 (m,lH), 0.99 (d, J = 6.4 Hz, 3H), 
0.94 (d, J = 6.4 Hz, 3H) 

Synthesis of ailyl-N-cinnamoyl-phenylalanine-prolinate (26b) 

To a solution of N-cinnamoyl-phenylalanine-proline (786 mg, 2 mmol) in acetone (10 
mL) was added K2CO3 (304 mg, 2.2 mmol) and allylbromide (268 mg, 2.2 mmol) and the 
reaction mixture was set to reflux for 8 h during which time, the reaction was almost 
complete. The inorganic salts were filtered off on a sintered funnel under suction and 
solvent was removed imder vacuo. The resulting residue was taken in EtOAc (20 mL) 
and washed with saturated aqueous solution of NaHC03 (2X10 mL), water (2X10 mL) 
and brine .(1X10 mL). Drying the organic layer (anhydrous Na2S04) and concentration in 
vacuo yielded a thick residue which was purified by column chromatography (EtOAc in 
Hexane-45 %) (TLC - Rf = 0.5; hexane : ethylacetate 2:3) to yield allyl-N-cinnamoyl- 
phenyalanine-prolinate as a gum, in moderate yields (64 %). 

^H NMR, 400 MHz, CDCI3, 5 7.64 (d, J = 8.3 Hz, IH), 7.56 (d, j = 15.7 Hz, IH), 7.45 - 
7.43 (m, 2H), 7.33 - 7.29 (m, 4H), 7.27 - 7.18 (m, 4H), 6.46 (d, J = 15.7 Hz, IH), 5.81 
(d9, J = 11.2 Hz & 5.6 Hz, IH), 5.26 (d, J = 11.7 Hz, IH), 5.17 (d, J = 5.2 Hz, IH), 5.14 
(d, J = 4.4 Hz, IH), 4.56 (d, J = 5.36 Hz, IH), 4.54 - 4.51 (m, IH), 4.36 (dd, J = 7.6 Hz & 
4.4 Hz, IH), 3.74 - 3.72 (m, IH), 3.68 (d, J = 6.8 Hz, IH), 3.18 (dd, J = 14.16 Hz & 7.1 
Hz, IH), 3.08 (dd, J = 12.9 Hz & 9.3 Hz, IH), 1.94 - 1.86 (m, 3H), 1.56 - 1.55 (m, IH). 

Synthesis of aliyl-N-(3-phenylglycidyl)-leucine-prolinate (27a) 

To a solution of the allyl-N-cinnamoyl-leucine-prolinate (597 mg, 1.5 mmol) in CH3CN 
(7.5 mL) was added 2-methylpropanal (216 mg, 3 mmol) and PASCOS catalyst (~5 mg) 
and the contents were stirred under oxygen atmophere at RT for 12 h. After this time, a 
fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added to the 
reaction mixture and allowed to stir, xmtil complete conversion of the olefin (TLC - Rf = 
0.55; EtOAc:Hexane - 2:3). The catalyst was filtered off on a cintered funnel and 
acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) 
and washed successively with saturated solution of NaHC03 (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Separating the organic phase, drying (Na2S04) and 
concentration in vacuo, yielded the corresponding oxirane containing peptide 27a in high 
purity and yields (HPLC). This was further subjected to column chromatography (silica 
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gel; EtOAc:Hexane - 2:3) for purification to get to the pure epoxide 27a as a gum in good 
yields (70 %) [otjo^^ “ -120° (c = 0.01, CH2C12). 


'H NMR, 400 MHz, CDCI3, 5 7.54 (d, J - 

7 35 - 7 32 (m 3H), 7.28 - 7.26 (m, 2H), 5.80 (d9, J — 1 1.5 Hz & 5.6 Hz, IH), 5.17 (dd, J 
= 17.1 Ife &“’.5 Hz, IH), 5.11 (dd, J = 12.1 Hz & 1.5 Hz. IH), 4.63 (dt, J = 8.8 Hz & 2.9 
Hz IH) 4.57 (dd, J = 8 Hz & 5 Hz, IH), 3.89 (d, J - 1.7Hz, IH), 3.85 (bs, 2H), 3.73 - 
3 66 (m IH), 3.50 (d, J = 1.7 Hz, IH), 3.49 - 3.45 (m, IH), 2.31 - 2.28 (m, IH), 2.17 (m, 
IH) 2 04 (m IH), 1.92 - 1.89 (m, IH), 1.68 (dt, J = 13.6 Hz & 4.1 Hz. IH), 1.57 (dt, J = 
13.6 Hz & 3.1 Hz, IH). 1.13 - 1.10 (m, IH). 1.00 (d, J = 6.4 Hz, 3H), 0.96 (d, J = 6.4 Hz, 

3H). 


Synthesis of allyI-N-(3-phenylglycidyl)-phenylalanine-prollnate (27b) 

To a solution of the methyl-N-cinnamoyl-leucine-prolinate (650 mg, 1.5 mmol) in 
CH3CN (7.5 ml. ) was added 2-methylpropanal (216 mg, 3 mmol) and PASCOS catalyst 
(~5 mg) and the contents were stirred under oxygen atmophere at RT for 12 h. After this 
time, a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added to 
the ruction mixture and allowed to stir, until complete conversion of the olefin (TLC - Rf 
= 0.5; EtOAc-.Hexane - 2:3). The catalyst was filtered off on a cintered funnel and 
acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (25 mL) 
and washed successively with saturated solution of NaHCOs (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Separating the organic phase, drying (Na2S04) and 
concentration in vacuo, yielded the corresponding oxirane containing peptide 27b in high 
purity and yields (HPLC). This was further subjected to column chromatography (silica 
gel; EtOAc:Hexane - 2:3) for purification to get to the pure epoxide 27b in good yields 
(62 %) [a]D^^ = -24° (c = 0.01, CH2CI2'). 

‘H NMR, 400 MHz, CDCI3, 5 7.41 (m, IH), 7.32 - 7.17 (m, lOH), 5.92 - 5.84 (m,lH), 
5.30 (d, J = 17.1 Hz, IH), 5.24 (d, J = 9.3 Hz, IH), 5.03 (dd, J = 5.9 Hz & Hz, IH), 4.61 
(dd, J = 18.8 Hz & 5.2 Hz, 2H), 4.35 (dt, J = 8.3 Hz & 4.2 Hz, IH), 3.95 & 3.67 (d, J = 
1.9 Hz, IH), 3.65 - 3.52 (m, 2H), 3.52 & 3.44 (d, J = 1.9 Hz, IH), 3.05 (d, J = 7.64 Hz, 
2H), 1.93 - 1.85 (m, 4H) 


Synthesis of allyl-N,N-(aHyl,p-methoxyphenyl)-p-phenylisoserine-leucme- 
prolinate (28a) 

To a solution of allyl-N-(3-phenylglycidyl)-leucine-prolmate (449 mg, 1 mmol), in 
acetonitrile (5 mL) was added allyl-p-anisidine (163 mg, 1 mmol) and C0CI2 (5 mg) and 
the contents were stirred until complete consumption of the epoxide (TLC - 
EtOAc:Hexane - 1:1). The solvent was removed under vacuum and the resulting residue 
was taken in EtOAc (20 mL) and washed with water (2X5 mL). The organic layer was 
separated, dried (Na2S04) and concentrated in vacuo to yield a residue, which was 
subjected to purification by column chromatography (silica gel - EtOAc:hexane - 5:4) to 
yield allyl-N,N-(allyl,p-methoxyphenyl)-p-phenylisoserine-leucine-prolinate 28a, in 
moderate yields (55 %) as a gum = -8 ° (c = 0.0055, CH2CI2). 

^H NMR, 400 MHz, CDCI3, 5 7.99 (d, J = 7.3 Hz, IH), 7.43 - 7.21 (m, 3H), 7.21 (d, J = 
10 Hz, 2H), 7.17 (d, J = 10 Hz, 2H), 6.98 - 6.90 (m, IH), 6.72 - 6.69 (m, IH), 5.81 (dt, J 
= 1 1.2 Hz 8cl2 Hz, IH), 5.87 - 5.77 (m, 2H), 5.23 (dd, J = 13.2 Hz & 1.6 Hz, 2H), 5.15 
(dd, J = 10.5 Hz & 1.2 Hz, 2H), 4.86 (t, J = 5.6 Hz, IH), 4.80 - 4.74 (m, 0.5H), 4.53 (dd, J 
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= 5.6 Hz & 1.2 Hz, 2H), 4.48 (t, J = 4.1 Hz, 2H), 4.45 - 4.32 (m, IH), 3.71 (dd, J = 10.2 
Hz & 4.9 Hz, IH), 3.69 (s, 3H), 3.44 - 3.41 (m, IH), 2.56 - 2.48 (m, IH), 2.17 - 2.06 (m, 
IH), 2.01 - 1.89 (m, 2H), 1.54 - 1.41 (m, 2H), 1.26 - 1.21 (m, IH), 0.97 (d, J = 5.6 Hz, 
3H), 0.88 (d, J = 5.6 Hz, 3H); MS m/z 577 (NT), 252, 325, 295, 267; IR v,„ax 3360(br), 
2920, 1775, 1660, 1600, 1480 cm'* 

Synthesis of ailyl'N,N-(allyl,p>methoxyphenyf)*p-phenylisoserine-phenyi 
alanine-prolinate ( 28 b) 

To a solution of allyl-N-(3-phenylglycidyl)-phenylalanine-prolinate (449 mg, Immol), in 
acetonitrile (5 mL) was added allyl-p-anisidine (163 mg, 1 mmol) and CoCb (5 mg) and 
the contents were stirred until complete consumption of the epoxide (TLC - 
EtOAc:Hexane - 1:1). The solvent was removed under vacuum and the resulting residue 
was taken in EtOAc (20 mL) and washed with water (2X5 mL). The organic layer was 
separated, dried (Na 2 S 04 ) and concentrated in vacuo to yield a residue, which was 
subjected to purification by column chromatography (silica gel - EtOAc:hexane - 5 : 4 ) to 
yield allyl-N,N-(allyl,p-methoxyphenyl)-p-phenylisoserine-proline-leucinate 28b, in 
moderate yields (48 %) as a gum [ajo^^ = -28.93 ° (c = 0.0075, CH 2 CI 2 ). 

*H NMR, 400 MHz, CDCI 3 , 5 7.57 (d, J = 8.8 Hz, IH), 7.38 (d, J = 5.8 Hz, IH), 7.26 - 
7.19 (m, 8 H), 7.05 (d, J = 8.8 Hz, 2H), 6.94 -6.91 (m, IH), 6.80 (d, J = 4.4 Hz, IH), 6.78 
(d, J = 4.4 Hz, IH), 5.90 - 5.74 (m, 2H0, 5.30 (d, J = 16.8 Hz, IH), 5.24 (d, J = 15.8 Hz, 
IH), 5.15 (d, J = 10.4 Hz, IH), 5.0 (d, J = 11.5 Hz, IH), 4.92 (d, J = 16 Hz, IH), 4.86 (d, 
J = 4.4 Hz, IH), 4.78 (m, IH), 4.86 (d, J = 5.6 Hz, 2H), 4.50 (dd, J = 14.6 Hz & 3.4 Hz, 
2H), 4.59 (d, J = 5.6 Hz, 2H), 4.50 (dd, J = 14.6 Hz & 3.4 Hz, 2H), 4.22 (dd, J = 7.8 Hz & 
4.5 Hz, IH), 3.72 (s, 3H), 3.56 (m, IH), 3.47 (m, IH), 3.08 - 2.92 (m, IH), 2.56 - 2.50 
(m, IH), 1.93 - 1.70 (m, 4H); MS m/z 612(M^, 252, 359, 329, 301, 182, 211 ; IR v^ax 
3400(br), 3330, 3030, 2900, 2830, 1715, 1660, 1430 cm'* 

Attempts for the Synthesis of Cyclic peptide (29a) 

To a clean dry flask flushed with N 2 , was added (PcyjsCLRu benzylidene catalyst (41 
mg, 0.05 mmol) and CH 2 CI 2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene 28a (144 
mg, 0.25 mmol) in CH 2 CI 2 (208 mL), in a period of 1 h. through a syringe. The violet 
colored solution turned orange. The contents of the flask were stirred after complete 
addition of the diene 28a under reflux, in nitrogen atmosphere for 40 h. The reaction was 
quenched by stirring with 1 mL of water for 15 min. The organic phase was dried 
(Na 2 S 04 ), concentrated and subjected to flash column chromatography to isolate the 
starting material 28a as the major component of the mixture along with minor amotmts of 
highly polar products (insoluble in EtOAc/CH 2 Cl 2 ), along with P(Cy) 3 . No traces of the 
expected cyclised product were found. 

Attempts for the Synthesis of Cyclic Peptide (29b) 

To a clean dry flask flushed with N 2 , was added (Pcy) 3 Cl 2 Ru benzylidene catalyst (41 
mg, 0.05 mmol) and CH 2 CI 2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene 28b (153 
mg, 0.25 mmol) in CH 2 CI 2 (208 mL), in a period of 1 h. through a syringe. The violet 
colored solution turned orange. The contents of the flask were stirred after complete 
addition of the diene 28b under reflux, in nitrogen atmosphere for 48 h. The reaction was 
quenched by stirring with 1 mL of water for 15 min. The organic phase was dried 
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(Na2S04), concentrated and subjected to flash column chromatography to isolate the 
starting material 5 as the major component of the mixture along with minor amounts of 
highly polar products (insoluble in EtOAc/CH2Cl2, soluble in MeOH), along with P(Cy)3. 
No traces of the expected cyclised product were found. 

Synthesis of methyl-N-cinnamoyl-proline-leucIne-lsoleucinate (30) 

A stirring solution of N-cinnamoyl-proline-leucine (1.79 gm, 5 mmol) and triethylamine 
(0.7 mL, 5 mmol) in THF (10 mL) was cooled to -10 °C in an ice-salt bath and to it was 
added methylchloroformate (0.38 mL, 5 mmol) and stirred vigorously for 50 - 60 
seconds. Then a solution of methyl-L-isoleucinate hydrochloride (1.00 gm, 5.5 mmol) in 
DMSO (2.5 mL) was added followed by a solution of triethylamine (1.6 mL, 1 1 mmol) in 
THF (10 mL). The mixture was warmed to room temperature by removal of the ice bath 
and vigorously stirred for further 4 h. Triethylamine hydrochloride was filtered off on a 
sintered funnel under suction and washed twice with THF. Removal of solvent from the 
filtrate under vacuo yielded a residue, which was dissolved in EtOAc (30 mL) and 
washed with saturated aqueous solution of NaHCOs (2X10 mL), water (2X10 mL) and 
brine (1X10 mL). Drying (Na2S04) and evaporation of solvent under vacuo yielded the 
crude product which was further purified by column chromatography (EtOAc:Hexane- 
3:2) (TLC - Rf = 0.5; hexanerethylacetate 2:3) to yield methyl-N-cinnamoyl-proline- 
leucine-isoleucinate as a waxy solid in good yields (71 %). 

'H NMR, 400 MHz, CDCI3, 5 7.74 (d, J = 16.2 Hz, IH), 7.55 - 7.52(m, 2H), 7.39 - 7.35 
(m, 3H), 6.68 (d, J = 6.8 Hz, IH), 6.75 (d, J = 16.2 Hz, IH), 4.74 (d, J = 6.1 Hz, IH), 4.57 
(dd, J = 8.8 Hz & 4.9 Hz, IH), 4.36 (t, J = 7.6 Hz, IHO, 3.78 (dd, J = 14.9 Hz & 5.6 Hz, 
IH), 3.69 (s, 3H), 3.66 (dd, J = 7.3 Hz & 5.9 Hz, IH), 2.45 - 2.41 (m, IH), 2.17 (s, IH), 
2.07 - 2.04 (m, IH), 1.97 - 1.86 (m, 2H0, 1.77 - 1.73 (m, IH), 1.62 - 1.53 (m, 2H), 1.48 - 
1.42 (m, IH), 1.27 - 1.17 (m, 2H), 0.96 - 0.80 (m, 12H) 

Synthesis of N-cinnamoyl-proiine-ieucine-isoleucine (31 ) 

To a solution of the methyl-N-cinnamoyl-proline-leucine-isoleucinate (1.70 gm, 3.5 
mmol) in MeOH (16 mL) was added a solution of LiOH.H20 (143 mg, 3.5 mmol) in 
water (4 mL) and stirred at room temperature until completion of reaction (TLC - 
EtOAc:hexane - 3:1 - complete disappearance of starting material). Methanol was 
removed under vacuo and the aqueous part was acidified with an aqueous solution of IN 
HCl by drop wise addition and simultaneous vigorous stirring. After complete 
acidification (no more milky white precipitate occurred on addition of dilute HCl), the 
resulting residue was extracted with dichloromethane (3X10 mL), dried (anhydrous 
sodium sulphate) and concentrated under vacuo to yield N-cinnamoyl-proline-leucine- 
isoleucine, in good yields (72 %) as a gum. 

Synthesis of allyl-N-cinnamoyl-proline-leucine-isoleucinate (32) 

To a solution of N-cinnamoyl-proline-leucine-isoleucine (1.41 gm, 3 mmol) in acetone 
(15 mL) was added K2CO3 (455 mg, 3.3 mmol) and allylbromide (403 mg, 3.3 mmol) 
and the reaction mixture was set to reflux for 8 h during which time, the reaction was 
almost complete. The inorganic salts were filtered off on a sintered funnel under suction 
and solvent was removed \mder vacuo. The resulting residue was taken in EtOAc (30 
mL) and washed with saturated aqueous solution of NaHC03 (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Drying s the organic layer (anhydrous Na2S04) and 
concentration in vacuo yielded a thick residue which was purified by column 
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chromatography (EtOAc in Hexane-50 %) (TLC - Rf = 0.4; hexane : ethylacetate 1:1) to 
yield allyl-N-cinnamoyl-proline-leucine-isoleucinate as a crystalline solid, in good yields 
(68 %) [a]D^^ = -171 ° (c = 0.0075, CH2CI2). 

NMR, 400 MHz, CDCI3, 5 7.74 (d, J = 15.4 Hz, IH), 7.55 - 7.50 (m, 2H), 7.39 - 7.35 
(m, 3H), 6.84 (d, J = 8.6 Hz, IH), 6.75 (d, J = 15.4 Hz, IH), 5.90 (ddd, J = 22.9 Hz, 1 1.7 
Hz & 5.8 Hz, IH), 5.33 (dd, J = 17.3 Hz & 1.4 Hz, IH), 5.24 (dd, J = 10.5 Hz, 1.2 Hz, 1 
H), 4.74 (d, J = 6.1 Hz, IH), 4.63 (d, J = 5.6 Hz, 2H), 4.51 - 4.49 (m, IH), 4.39 - 4.34 (m, 
IH), 3.76 (d, J = 5.6 Hz, IH), 3.66 (dd, J = 16.6 Hz & 9.3 Hz, IH), 2.46 - 2.41 (m, IH), 
2.18 - 2.12 (m, IH), 2.08 - 2.01 (m, IH), 1.94 - 1.92 (m, IH), 1.86 (bs, IH), 1.76 (t, J = 
5.6 Hz,l H), 1.64 - 1.53 (m, 2H), 1.48 - 1.42 (m, IH), 1.24-1.17 (m, IH), 0.97 - 0.86 (m, 
12H) 

Synthesis of allyl-N-(3-phenylglycyl)-proline-l6ucme-isoleucinate (33) 

To a solution of the allyl-N-cinnamoyl-proline-leucine-isoleucinate (766 mg, 1.5 mmol) 
in CH3CN (7.5 mL) was added 2-methylpropanal (216 mg, 3 mmol) and PASCOS 
catalyst (~5 mg) and the contents were stirred under oxygen atmophere at RT for 12 h. 
After this time, a firesh lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were 
added to the reaction mixture and allowed to stir, until complete conversion of the olefin 
(TLC - Rf = 0.5; EtOAc:Hexane - 3:2). The catalyst was filtered off on a cintered fuimel 
and acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc (30 
mL) and washed successively with saturated solution of NaHC03 (2X10 mL), water 
(2X10 mL) and brine (1X10 mL). Separating the organic phase, drying (Na2S04) and 
concentration in vacuo, yielded the corresponding oxirane containing peptide 33 in high 
purity and yields (HPLC). This was further subjected to column chromatography (silica 
gel; EtOAc:Hexane - 1:1) for purification to get to the pure epoxide allyl-N-(3- 
phenylglycyl)-proline-leucine-isoleucinate 33 in good yields (66 %) = -86.33° (c = 

0.009, CH2CI2). 

^H NMR, 400 MHz, CDCI3, 5 7.66 (d, J = 7.8 Hz, IH), 7.53 (m, IH), 7.36 - 7.27 (m, 5H), 
5.78 - 5.74 (m, IH), 5.32 (d, J = 17.3 Hz, IH), 5.22 (d, J = 10.2 Hz, IH), 4.71 - 4.68 (m, 
IH), 4.61 - 4.59 (m, 2H), 4.58 - 4.54 (m, 2H), 4.09 (s, IH), 3.84 . 3.80 (m, IH), 3.68 (s, 
IH), 3.66 - 3.59 (m, IH), 2.26 - 2.16 (m, IH), 2.01 (dd, J = 3.7 Hz & 1.8 Hz, IH), 1.99 - 
1.92 (m, 4H), 1.68 - 1.62 (m, 3H), 1.49 - 1.40 (m, IH), 1.24 (dt, J = 9 Hz, 1.9 Hz, IH), 
0.95 - 0.84 (m, 12H) 

Synthesis of allyl-N,N>(allyl,p-methoxyphenyl)-p-phenylisoserine-proline- 
leucine-isoleucinate (34) 

To a solution of allyl-N-(3-phenylglycyl)-proline-leucine-isoleucinate (633 mg, 1.2 
mmol), in acetonitrile (7.5 mL) was added allyl-p-anisidine (196 mg, 1.2 mmol) and 
C0CI2 (5 mg) and the contents were stirred until complete consumption of the epoxide 
(TLC - EtOAc:Hexane - 3:2). The solvent was removed under vacuum and the resulting 
residue was taken in EtOAc (20 mL) and washed with water (2X5 mL). The organic layer 
was separated, dried (Na2S04) and concentrated in vacuo to yield a residue, which was 
subjected to purification by column chromatography (silica gel - EtOAc:hexane - 3:2) to 
yield allyl-N,N-(allyl,p-methoxyphenyl)-p-phenylisoserine-proline-leucine-isoleucinate 
34, in moderate yields (4 1 %) as a gum = -63 ° (c = 0.0009, CH2CI2). 
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itj -NTA/n? PDPl 400 MHz 8 7 65 (d, J = 8.2 Hz, IH), 7.42-7.16 (m, 5H), 6.92 (d, J 8 
md ■ J 2^ 6 76 (d, J - 7.8 Hz, 2H), 5.97 - 5.83 (m. 2H), 6.34 (d. J 

?,7 im 5 26 (d ji 10 Hz, 4, 5.18 (d, J = 16.5 Hz, IH), 15.1 1 (d, J = 10 Hz, 
im i T = 2 Hz & 1.4 Hz IH), 4.89 (s, IH), 4.63 (t, J = 5.9 Hz, 2H), 4.58 (dd, J 
= 78 Hz& 12 Hz', 2H), 4.50 - 4.48 'H). 4.39 (d, J = 7.2^ IH), 4J5 (dd J - 1L4 

Totlsn. m '«)■ 

9 ? & Td 4 MS Jz 691(wr), 663, 578, 512, 381, 252, 211, 154; IR v„„ 

3300 W 3220(^:3030, 2920, 2800. 1775, 1715, 1665, 1600, 1560, 730 cm- 

Attempts to synthesise the cyclic peptide (34) via RCM 

To a clean dry flask flushed with N 2 , was added (Pcy) 3 Cl 2 Ru benzylidene catalyst (41 
mg, 0.05 mmol) and CH 2 CI 2 (208 mL) and stirred for 15 min. at ambient conditions. A 
violet colored solution was formed. To this was added a solution of the diene allyl-N,N- 

(allyl,p-methoxyphenyl)-p-phenylisoserine-proline-leucine-isoleucinate p ( 1 72 0-25 

mmol) in CH 2 CI 2 (208 mL), in a period of 1 h. through a synnge. The violet colored 
solution turned orange. The contents of the flask were stirred after complete addition of 
the diene 33 under reflux, in nitrogen atmosphere for 48 h. The reaction was qu^ched by 
stirring with 1 mL of water for 15 min. The organic phase was dned (Na 2 S 04 ), 
concentrated and subjected to flash column chromatography to isolate the starting 
material 33 as the major component of the mixture, along with the complete recovery of 
P(Cy) 3 . No traces of the expected cyclised product were found. 
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Introduction 

One of the exciting challenges in contemporary bio-organic chemistry is the 
determination of three-dimensional structural details of the complexes of biologically 
active peptides & pseudopeptides with en 2 yme active sites. This information may be 
exploited to design new ligands with even higher binding affinities for the enzyme 
binding site. Linear peptides exist in dynamic equilibrium in solution between a number 
of conformations differing little in energy. Knowledge of the preferred solution 
conformations of an oligopeptide does not necessarily provide information regarding the 
conformation of that ligand when bound to its respective host.^^^ In the absence of three 
dimensional structural data for the ligand-receptor complex itself, information relating to 
the biologically active conformation of the ligand has been generally obtained by 
introducing conformational restraints by cyclisation or by incorporation of peptide 
mimics at selected sites of the peptide back bone.^’^'”® The resultant effects upon binding 
and biological activity of the pseudopeptides are then evaluated in coimection with the 
available reduced conformational space to provide insight into the biologically active 
conformation of the ligand. This approach reflects the accepted view that biologically 
active peptides adopt discrete conformations upon binding, even though many 
energetically similar conformations are accessible.^^’ 

Recently, there have been several reports of peptide mimics that enforce extended 
structure without making any provision for orienting the side chains.^’* The importance 
of controlling the side chain orientations of pseudopeptides has been recognised because 
these appendages provide cracial sites for recognition, specificity, binding, and 
consequently transduction.^’’ 

Constrained amino acids have been utilized to restrict the amino acid conformation and 
hence that of the backbone carrying it, in the design of numerous inhibitors of HIV PR. 



Figure-1 Ro 3 1-8959 SAQUINAVIR 


Saquinavir -(Ro 31-8959),” is one of the most potent inhihitors known to date, of HIV 
PR. It incorporates two novel amino acids, which can be considered as the constrained 
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versions of benzylalanine and phenylalanine, at the P2 and PI' sites respectively. The P2 
site quinoline-2-carbonyl, can be considered to be formed by covalently connecting the 


OH [OJ 

► 

Ben 2 ylalanine Figure-2 Quinoline-2-carbonyl 

mtrogen of ben 2 ylalanine to the phenyl ortho-cdxhon and complete aromatisation of the 

resulting bicycle, acts as the cyclised benzylalanine analogue; on the other hand, 
complete 




o 

Phenylalanine ^ De'cahydro-S-iso 

Figure-3 quinolinecarbonyl 

reduction, of similarly cyclised phenylalanine with a CHj linker, results in DIQ 
[(4aS,8aS)-decahydro-3(S)-isoquinolinecarbonyl] which has proved to be an excellent 
surrogate for proline at the P 1' site. 





Phenylglycine (-)-ci:y-(lS,2R)-l-aminoindan-2-oi 


Hydioxyethylene dipeptide isosteres (HDI) bearing the cyclic phenylglycine smiogate (- 

)-cii-(lS,2R)-l-anunomdan-2-ol have been demonstrated” to be potent and selective 
inhibitors of HIV protease. 



One of the most potent, orally-available inhibitors of HIV PR L-738,872,’^ (Figure-5) 
which is currently under clinical trial for the treatment of HIV infection, incorporating a 
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hydroxyethylamine isostere contains cyclic sulphone at the P 2 site. The 2-isopropyl 
moiety (Figure- 6 ) imparts a local constrain on the ligand, at the Pj site. 


( 7 ^^^^ — Cycic sulphone as 

Q—'g / constrained P2 site 

\\ \ analogue 

O > 

/ ^ Figure -6 

The 2-hydroxy-tetrahydrofuran moiety at the Pj site of VX-478,'“ another potent HIV 
PR inhibitor, can be considered as a constrained analogue of an ethyleneglycol isostere at 
the P 2 site. 


0'""X 



NH2 



.."•Ov 

7 


2-Hydroxy-Tetrahydrofuran as 
p Constrained ethyleneglycol 

VX-478 Figure-7 isostere 

This can be better realised through the successful design of a potent, ritonavir 

analogue™’®* containing furofuran as the constrained Pj ligand. X-ray crystal structural 

studies of protease bound inhibitor complexes, showed that each of the two oxygen atoms 

of die furofuran hydrogen bonds to the NH groups of the Asp29 and AspSO respectively, 

of the viral protease.’® 


OH 




Ph 


0 


0 " 

A 2 = i-Bu, Ai 


Ph ® Figure -8 
High Binding, Furofuran analogues 8 

Kynostatins (KNIs),’™ one of the few class of inhibitors that exhibit picomolar potencies 



against HIV PR, incorporate a constrained proline analogue, die thiazolidine (KNI-125), 
dimethylpyrrolidine (KNI-125) or dimethylthiazolidine (KNI-162), in place of the P, 
proline residue (figure- 10 ). . 
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Such an introduction has resulted in the enhancement of protease inhibitory activity.^'" 



O 

Pyrrolidine 



_ 11 

O' 

Thiazolidine 

Figure-10 

PI 'pyrrolidine replacements in Kynostatins 


12 

O' 

Dimethyl 

pyrrolidine 


0 ^ 
Dimethyl 
Thiazolidine 


Pyrrolinone based peptidomimetics, the first mimics of p-strands, have been shown^^^ to 
be excellent inhibitors of HIV PR. Smith et al. have reported ''' that pyixolinone 
inhibitors offer better transport properties than the corresponding peptide based 
peptidomimetics. Structure-activity relationships for the pyrrolinones also correlated well 
with those reported for related peptides, consistent with similar modes of binding. The 
bis(pyrrolinones) have been shown to be more active in cellular antiviral assays 
compared with the analogous peptide-derived inhibitors. Novel, linked 3,5,5-pyrrolin-4- 
one scaffolding 15 (a tris(pyrrolinone)) has been shown to entirely replace the native 
peptide backbone ''of the tetra-peptide equine angiotensinogen fragment 14. 

Ph 

"OOzMe 

O/H Hi4 


H,N. 




H 

Figure-11 

Tetrapeptide equine angiotensinogen fragment 14; 
structure of (3-strand) tris(p3UTolidinone) peptidomimeti 

In the design of another pytiolinone containing inhibitor,”’ the P,'-Pj' tripeptide sequence 

of L-682.679. a potent inhibitor of HIV PR was replaced by a bis(pyrrolinone) bearing 
the three requisite side chains. 
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Figure-12 

Merck inhibitor L-682,679 as the model for a prototypic 
pyrrolidine-based inhibitors. Pyrrolinone motif is gener 
by NH displacement from peptide backbone 

A schematic representation of the design of the bis(pyrrolinone) analogue of L-682,679, 
has been presented above. The pyrrolinone motif is generated by NH displacement from 
peptide backbone. Lead optimisation studies resulted in tetrahydrofiiran as the best Pj 
residue for high anti-viral activity. A few potent inhibitors, incorporating the bis 
(pyrrolinone) moiety, with different P3’ site extensions have been reported to be highly 
potent inhibitors of HIV PR. 


aR=OCH3 IC50 = 2.0iiM 
bR=NH2 IC50=1.3nM 
C R= NIFBuICso = 3.3 nM 

Figure-13 Analogues of Bis(pyrrolinone) 19 

Dihydrooxazoles have been found to be good constrained analogues of peptides. A 
direct preparation of 4,5-dihydrooxazoles 21 from P-hydroxy-a-amino acids 20 has been 
reported by the cyclisation of serine and threonine derivatives with Burgess reagent in 



r¥ 


1 




1 

H 

0 


Aef? 

o — r\ 


H H O 

0 X H 
fl / OH 


P H H 


Burgess reagei:^ 

THF,700C 

62% 

Scheme-20 


Us J H O-A ^ I 

^ 21 /^H 

Constrained Peptidomimics 


'N-S=0 

© 1®3 


Burgess reagent = Methyl-N-(triethylammoniumsulfonyl)carbama 
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one-step. 

Pillai et al have described the design and synthesis of non-peptidic compounds that 
feature rigid backbone conformations and present various side-chain functions. A 
dipeptide of interest (Figure 15a) is mimicked with a bicyclic vinylamide (Figure 15b) 

which arises from the condensation of a ketone with an aspartic acid derivative (Figure 
15c). 


[a] Dipeptide [b] Dipeptide mimic: X = CH 2 or NH 




Figure-14 General approach by Pillai et al. 

A comparison of the dipeptide 22 and its mimic 23 shows that Q and are used to 
make constraints in a standard fashion while Q is utilised as part of a vinylamide moiety. 
The Q side chain (R) originates from the ketone starting material whereas a second side 
chain (R) could anse. from either the use of an aspartic acid derivative, which contains 
this group at Cj, or from attaching a similar group at a later stage with the C, carboxylate. 


V 


v 

H 

I 


0 


T 

,.OONH 


27 H 

The Thr45-Lys46 
segment of CD 4 




NH, 


28 H HN^ 
Cyclic vinylamide module 
designed to mimic the 
Thr45-Lys46 segment of 

Figure-15 CD 4 


NH, 


Employing this methodology, tetra-peptide mimics of the tetra peptide p-sttand segment 
of CD. (which serves as a cellular receptor of HIV PR)* have been constmcted. Based 
on extensive conformational analyses of peptides and protein systems involved in 
proteolytic processing, which showed that cleavage sites are often located adjacent to 
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turns, P-tum mimics in the form of constrained amino acids have been introduced at 
the P2 site of structural analogues of potent HIV PR inhibitors.^'*^ 



Figure-16 | 

Mimicry of the Phe43-Lys4^™ 
tetra peptide segment of CD 4 ^ 


Martin et al have reported^® on the basis of molecular modelling studies that 1,2,3- 
trisubstituted cyclopropanes constitute novel rigid isosteric replacements of an extended 
conformation of the corresponding dipeptide moiety. 



Operationally, 31 and 32 are derived from 30 by replacing the amide nitrogen in 30 with 
a carbon and forming a single bond between this atom and C(P) on the amino acid side 
chain.^®* The peptide backbone thus gets locally rigidified in a P-strand conformation. 
Another factor that has been proposed to contribute to the overall rigidity induced by this 
surrogate is the preferred conformation, which is a consequence of steric and electronic 
effects about the C-C bond between the carboxyl group and the cyclopropane.^^ The 
portion of the amino acid side chain designated as in the cyclopropane-derived 
dipeptide surrogate 31 occupies approximately the same region of space relative to the 
backbone that it would if the corresponding amino acid residue in 30 were locked in tihe 
gauche (-) conformation in which the k1 -angle is about -60 deg. 
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It has been reasoned that, although some hydrogen bonding capability of an amide 
carbonyl group is maintained by the keto functions in the rigid isosteres 31 and 32, 
deletion of a backbone N-H in these surrogates eliminates one possible inteimolecular 
hydrogen bond to a receptor or enzyme. However, the actual importance of losing this 
hydrogen bond is difficult to assess a priori since other peptide replacements that lack 
hydrogen bonding ability (e.g., trans double bonds) are known to be efficacious in certain 
cases. The entropic advantage that arises from restricting the rotor (0.8- 1.2 kcal/rotor) in 
the constrained pseudopeptide could approximately compensate the energetic cost of 
losing one intermolecular hydrogen bond, (0.5-1. 8 kcal/H-bond) provided the receptor 
bound conformation is well-matched.'''-^*'' It is also significant that consequent to the 
mutation of the dipeptide 30 into 31 or 32 amide resonance and the associated hindered 
rotation about the amide -C(=0)N bond is lost, so there is now a net restriction of two 
full rotors. Martin et al discovered that 34, which bears an N-terminal amide group rather 
than the keto function of the parent 31, was a subnanomolar inhibitor of renin.'" 



Since 34 was approximately eqnipotent with the coiresponding flexible analogue 35, it 
seemed probable that the two inhibitors bind to the active site of mnin in closely similar 
conformations and that the cyclopropane ring in 34 orients the aromatic side chain at the 
P3 subsite m the biologically active confotmation of 35. Thus, the conformational 
preference of cyclopropanesioutaining analogues of potent acyclic inhibitors of HfV PR 
were studied with respect to their acyclic counterparts, to arrive at the biological 

conformation of the peptides. 
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Present study 

From the above study, it is clear that constrained peptidomimics are good probes to get to 
the biologically active conformation of HIV PR inhibitors. It occurred to us that 
pseudopeptides, containing conformationally constrained phenylalanine residues as part 
of them, would be good leads to assist in eliciting some additional insights regarding the 
biologically active conformation of the inhibitors. This would also provide an insight into 
the scope and limitations of such pseudopeptidic replacements. In recent years, there 
have been a wide variety of non-peptidic amino acids reported.'*' In general, these 
molecules drsplay properly oriented side chains.'*’ However, interestingly so, almost all 
work has been concentrated on creating constrained analogues for proline and other P; 
residues; or the P, - P„ residues towards the N-terminal. This can be realised from a 
cursory look at most of the potent HIV PR inhibitors that have been shown in the 
preceding discussions. Apart from the work by Martin et al.;^ the strategy of 
constraining the Phe of Phe-Pro scissile peptide bond have not been looked upon by 
many. We were particularly inspired by the reports of Martin al that cyclopropanes 
may be used as structural constraints to reduce the flexibility of linear pseudopeptides 
and to lead to the biologically active conformations of the peptides. 



We wished to develop a methodology which would provide a pseudopeptidic amino acid 
with local constraint leading to rigidifled orientation of it's side chain. ConsequenUy. we 
undertook efforts to develop a methodology for the synthesis of conformationally 
oonstratned mimetics for the P. Phe residue, which would project the amino acid side 
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chains in specific orientations (Figure- 1). Contrary to Martin et alJs design, we reasoned 
that retaining the nitrogen of the amide 1, instead of replacing it with a carbon, would 
lead to 2-alky 1-3 -amido-aziridines, which will help in an additional way. The peptide 
nature of the amide bond would still be retained, which might help in better recognition 
of the ligand by the enzyme. Introduction of an aziridine alpha to the scissile peptide 
bond, rather than one or more residues away from the scissile site, would render the 
enzyme (HIV PR) a 



Figure-2 Mimicry of the Phe-Pro scissile bon 


competitive functional group (aziridine) for binding through the aspartate groups, at its 
active site. Since HIV PR is uniquely specific towards cleaving the Phe-Pro amide bond, 
introduction of aziridine moiety at this bioactive Phe-Pro peptide bond would increase 
the chances of its better recognition by the protease. In any case, it would be interesting 
to study the effect of such a constraint on the selectivity of the protease, for the inhibitor. 
Such a strategy could lead to greater or lesser binding than the native substrate. Either 
case, would lead us closer to the biologically active conformation of the protein. Thus, 
these replacements can be incorporated at the scissile bond, in the form of Phe-Pro 
dipeptide isosteres. 



Many potent inhibitors of HIV PR, incorporate several isosteres at the scissile Phe-Pro 
peptide bond site. The reports of Phe-Pro and Phe-Val pseudopeptides, containing a-keto 

amide isosteres (Figure-3) is illustrative of this."^’‘* 
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a-Keto Amide Containing F-P & F-V Peptidomim 
Figure-3 

The design of Kynostatins (Kiso et containing the unnatural statine analogue 
allophenylnorstatin, incorporating the HMC isostere, is another classic example. The 
HMC isostere in allophenylnorstatine of the kynostatins, (for e.g., KNI 272, KNI 102, 
whose enzyme bound X-ray crystal structures are known)^^®’^'^' were designed with the 
premise that the Phe-Pro pseudopeptide gets recognised by the protease and the 
hydroxymethylenecarbonyl isostere binds to the enzyme, through the hydroxy group. 


0 



Figure-4 KNI 102 OC-NH 


Extending this strategy of design into our aziridine containing systems, we visualized that 
the presence of a competitive, reactive functional group (aziridine) for acid-base 
catalysed hydrolytic attack by the protease active-site aspartyl groups could be a good 
replacement for the potent HMC or a-keto amide isosteres. Substrate mimicry, by the 
introduction of Phe-Pro peptidomimic, could assist in the better recognition of the 
pseudopeptide chain at the protease active site. 



Figure-5 


Moreover, the binding conformation of Phe might be as that of the aziridine, which might 
encourage binding with the protease. Thus, once recognised at the active site, the 
aspartates of HIV PR would be faced with two active functional groups for interaction, 

I ' 

namely the Phe-(p-Pro carbonyl and the azipdine. Whereas the carbonyl hydrolysis needs 
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to be assisted by the presence of structural water; aziridine (which is highly reactive to 
mild acids) would undergo protonation by one of the aspartates and subsequent 
nucleophilic ring opening by the other at the active site, leading to irreversible binding 
with the protease (an analogy can be drawn from oxiranes which are known to function 
similarly as irreversible inhibitors). 



Schematic two-dimensional representation of amide hydrolysis 
in the presence of Stmctural water; and aspartate alkylation by 
aziridine ring opening- 14 

Figure-6 Aziridine as a "Competitive Binding Element" 

Presence of a carbocation stabilising benzyl moiety on protonation and opening of the 
aziridine, we reasoned, would add to assist in the competitive, irreversible binding of the 
ligand. Alkylation of the aspartates thus, could lead to "destruction" of the HIV PR 
activity. Selective recognition of any of the diastereomers of the aziridine, could lead us 
closer to determination of the biologically active conformation of the P, Phe residue at 
the scissile site. 

The abundant presence of turns and helices at the active site of protease enzymes is well 
recorded. Hence, several of the conformationally restricted replacements of peptide 
secondary structure reported to date imitate turns or helices.®® The presence of two 
constrained amino acids alpha to each other (namely, proline and constrained 
phenylalanine) could render, either a P-strand conformation as noted by Martin et al. (on 
introduction of cyclopropane as conformational constrain) or a turn conformation, to the 
peptide backbone. Hence, rendering the peptide an additional element of recognition for 
the protease active site. On the basis of the above considerations, we reason^ that 
conformationally constrained Phenylalanine (CCP)-Pro containing peptides could be 
excellent irreversible competitive inhibitors of ^partyl proteases and could be good 
probes to lead us to the biologiclly-active conformation of inhibitors. 
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The synthetic foundation on which such a design was based was the excellent yields, 
observed for the epoxidation of N-cinnamoyl peptides to obtain the corresponding 
epoxide containing peptides, in the presence of PASCOS catalyst. Ring opening of 
epoxides with sodium azide is known to follow exclusively anti stereochemistry to lead 
to the azido alcohols. Conversion of these azido alcohols to aziridines^®* have been 
reported to be achieved by refluxing with triphenylphophine, in good yields. Hence, the 
epoxides of N-cinnamoy 1-peptides can be converted to the corresponding aziridine 
containing peptides, as conformationally-constrained-phenylalanine (CCP) containing 
peptidomimics. Acylation of these aziridines with N-protected amino acids, would lead 
us to ligands with amino acids of our choice at the Pn & Pn' sites. However, crippled by 
the immediate non-availability of high thoroughput screening facilities, we set to develop 
a general methodology for the facile introduction of CCP-Pro peptidomimic at any 
required junction of a peptide framework. 

The HIV PR active site is characterized by the presence of large S„ Sj hydrophobic 
pockets. Hence, introduction of Pj site aminoacid residues containing hydrophobic side 
chains (e.g. Leu, Phe) would help to vary the binding and recognition of the ligand with 
the active site. We wished to introduce novel N- and C-terminal protecting groups in the 
form of ciimamoyl and allylamide motifs respectively. The cinnamoyl protecting group, 
as shown earlier, could be a "pro-fiinctional hanger" for further introduction of structural 
diversities in the peptide. Allyl amide was used, owing to our observation that presence 
of a C-terminal amide, rather than an ester, rendered higher stereoselectivity during the 
epoxidation of the cinnamoyl double bond, in the presence of PASCOS (polyaniline 
supported cobalt salen). Added to this, ligands whose C-termini were protected as 
amides, are known to be better inhibitors than the corresponding esters.- Thus, with the 
above premise we set to synthesize the aziridine containing peptides, through our 
epoxidation protocol in the presence of PASCOS. 

The N-cinnamoyl protected peptide derivatives 15a-d, namely allyl-N-cinnamoyl-L- 
proline-amide, allyl-N-cinnamoyl-L-leucine-amide, allyl-N-ciinamoyl-L-proline-L- 
leucine-amide and allyl-N-cinnamoyl-L-proline-L-phenylalanine-amide were synthesised 
in good yields from their corresponding carboxylic acids by coupling with allyl amine 
using the mixed anhydride coupling procedure, with isobutyl chloroformate as the 
carboxyl activating group. 
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These N-ciimamoyl peptides 15a-d were subjected to epoxidation conditions, in the 
presence of PASCOS and 2-methylpropanal, in aerobic conditions. Typically, the olefinic 
peptide was taken in acetonitrile and addition of 2-methylpropanal (2 equivalents), was 
followed by the addition of PASCOS catalyst after which, the reaction mixture was 
stirred for 12 h in oxygen atmosphere. Additional lots of PASCOS catalyst and 2- 
methylpropanal were added, after stirring for 12 h and the reaction mixture was stirred 
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till completion consmnption of olefin (~20-24 h), in the case of 15a, b; however, 
additional amounts of catalyst and aldehyde were needed in three lots, after 12 and 24 h 
in the case of 15c & 15d, for near-completion of the reaction (~36-40h). 




Removal of solvent, taking the resulting residue in EtOAc and washing with sodium 
bicarbonate and water, yielded the corresponding epoxides in moderate to good yields. 
While 21a,b were formed in excellent yields as usually observed; unlike in thus far seen 
cases, the reaction period and the quantity of aldehyde & catalyst required for the 
epoxidation of 15c, d were quite higji. 



The yields of 21c, d were also quite lower than in thus far observed cases. While 
conversion was never complete, the reaction mixture contained highly polar (soluble only 
in methanol/DMSO) oligomeric material, which were not characterised. We reasoned 
that isobutyric acid that is generated in the reaction mixture could be the culprit, added to 
the long reaction times. The allyl amide might itself be undergoing oxidation, hence 
leading to finther complications in the reaction. Further, on extending the epoxidation 
protocol to the allyl-N-cinnamoyl-tripeptide ester 15e, we found that the required 
epoxide was formed in very poor yields (~5-10 %) after long reaction times (-60 h) along 
with a score of side products. 24 was synthesized fi:om N-cinnamoyl-proline-leucine, as 
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shown in Schen>e-7. Glycine was chosen as the O&d anhno acid for its simplicity. The 
poor yields of epoxtde and the formation of number of other oxidised side products, 
meant that the presence of a third amide ftoctionaUty had a telling effect on the 

epoxidation. We reasoned that buffering the reaction might help in reducing the reaction 
penod, which could reduce side reactions. 



PASCOS Catalysed Facial Selective epoxidation of N-Cinnamoyl-tripeptide 
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PASCOS Catalysed epoxidation of allyl-N-cmnamoyl-peptido amides 


o , ,, Yield, 

Substrate bpoxide ( 3 S 2 R : 3R2S)a 
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Hsnce, the oxiiane containing peptides 21b,c,d,f & 21g were obtained by the following 

epoxidation conditions. To a solution of the oxirane containing peptide in acetonimle 

was added 2-inethylpropanal (2 equivalents) and PASCOS catalyst, followed by sodium 

acetate (10 equivalents) and the reaction mixture was stirred for 12 h. While 15b 

underwent complete conversion in that time to the corresponding epoxide 2Ib in 

excellent yields; 15c, d needed another lot of the aldehyde and the catalyst, to result in the 

Comparison Between Buffered and Unbuffered Epoxidation Reactio 
I in The Presence of PASCOS 

.r No Sodium Acetate! Jn Presence of 

Epoxide Sodium Acetate 


.0 O 


-Q O 

s/i A 


No Sodium Acetate 

In Presence of 
Sodium Acetfltft 

Yield 

Time 

Yield 

Time 

89% 

22 h 

92% 

15 h 


21c IT 


N V 



O 

-O o 

>C1A 

N F 


64% 33 h 93% 17 h 


-0 O 

szl A 


R N- 

21f 


N Sx 


CHqO 


86% 21 h 90% 14 h 


0 

21g 

CHqO ^ 


90 % 24 h 89 % 14 h 


-CC)2Me 


Table-2 

corresponding epoxides 21c, d respectively, in excellent CMiversion and yields, in 20-22 
h. However, there was no significant change in the rotation and hence the facial 
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selectivity, on buffering the reaction. Similar was the observation for the epoxidation of 
the N-cinnamoyl-dipeptide-methyl esters, 21f,g. While yields were similar as in the case 
of unbuffered rection, the reaction time and the amount of catalyst required, went down 
quite significantly (Table-2). Thus, buffering the epoxidation reactions of N-cinnamoyl 
peptides with sodimn acetate, resulted in faster reactions leading to excellent yields of the 
corresponding epoxides. 

Facial Selective Epoxidation 

The epoxidation of allyl-N-cinnamoyl-peptide amides, in general exhibited excellent 
facial selectivities during PASCOS catalysed epoxidation. We were thrilled to observe 
excellent diastereoselectivity during the epoxidation, especially of 15c, d to the 
corresponding epoxides 21c, d, in good yields. The NMR of the epoxides showed the 
presence of two pairs of epoxide methine doublets (9.5 : 0.5), as observed in the case of 
the corresponding methyl and allyl esters. From the negative sign of rotation of the 
epoxides and NMR correlation of the epoxy methine chemical shifts, we assigned a 
stereochemistry of (3S, 2R) to the predominant, epoxide diastereomer. NMR studies 
on the olefinic peptides 15c, d, showed the presence of low field triplet (7.86, t, J = 8.8 
Hz) indicating the presence of hydrogen bond in the molecule involving the allyl amide - 
NH. We reasoned that this could have led to a structural pre-organisation in the olefinic 
peptide, resulting in facial bias of the double bond for epoxidation. However, 




o 

^N- 
HP 

I P-turn ^ 

0 h-'-N 



O 


R 


Ph' 


Ph V ,0 wv-iNj HPr^ ' ^ 

B O 

Figure-8 

Three possible Hydrogen Bonding Interactions Induced by Tun 


N- 






there .are two possible hydrogen bonding interactions involving the allyl amide -NH. One, 

leading to a P-tum induced conformer; and the other leading to a guma turn induced 
conformer. 
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Variance in Chemical Shift of Amide NH 


on Step Wise Addition of DMSO-dg in the iH NMR of 15d 
Initial Sample Concentration 0.04 mM in CDCI 3 

It is known that chemical shifts of intramolecularly H-bonded protons do not vary 
appreciably in the 'H NMR of such systems, on addition of high concentrations of polar 
solvents like DMSO-dg to the solution. NMR studies of the N-cinnamoyl-peptide 15d 
by gradual addition of DMSO-dg to increase the polarity of the solvent showed that 
among the two amide NH hydrogens, there was negligible shift in the chemical shift of 
H', whereas H" shifted down field on addition of DMSO-dg to solution. Thus, H' was 
involved in hydrogen bonding. An examination of the energy minimised molecular 
models of the olefins on the Hyperchem energy minimisation software, using MM"", 
indicated the presence of a gama turn induced hydrogen bonding, formed between the 
NH of the allylamide and the carbonyl of proline. This gama turn motif, clouds the P- 
phase of the cinnamoyl double bond, creating a huge facial bias for epoxidation. The 
cinnamoyl moiety preferred a cisoid geometry. The proline residue was more convenient 
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in adopting a cis conformation rather than trans. All these indicated towards the observed 
stereoselectivity of epoxidation. From NMR, chemical correlation and molecular 
modelling studies, we propose that the observed stereoselectivity in epoxidation could be 
due to the substrate-directed facial bias of the cinnamoyl double bond, caused by the 
clouding of the gama turn motif on one of its faces. That this could be the solution 
conformation, is also supported by the lesser diastereoselectivity observed, in the 
epoxidation of the corresponding ally, methyl, and crotonate esters, which lack the 
possibility of such a gama turn induced secondary structure on their side chain. 


Synthesis of C-Terminal Extended Peptides 




PASCOS Catalysed Epoxidation of C-Terminal Extended Peptides 
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W e had observed earlier that replacing the methyl ester with allyl ester resulted in better 
stereoselectivity (’H NMR), during epoxidation of N-cinnamoyl-peptides. In order to 
ascertain whether stereoselectivity of CPX systems (see Part-A-section-II) could indeed 
be due to selective clouding of one of the faces of the olefin, we synthesised the peptides 
15h,i with extended C-terminal esters, y-bromo-methylcrotonate was chosen for C- 
terminal extension. y-Bromo crotonate was reacted with N-cinnamoyl-leucine (17) and 
N-cinnamoyl-proline-leucine (20) in the presence of potassium carbonate in acetone, to 
give the corresponding 0-alkylated peptides 15h,i in good yields (Scheme- 10, 11). 
Subjection of the crotonate derived peptides 15h,i to epoxidation conditions in the 
presence of PASCOS and 2-methylpropanal under oxygen atmosphere, yielded the 
corresponding epoxides 21h,i in excellent yields. As observed earlier, the epoxidation 
was chemospecific towards the cinnamoyldouble bond and in the case of 15i, the 
stereoselectivity of epoxidation was higher (8.3: 1.7) than that observed for the case of the 
corresponding methyl or the allyl esters. However, there was little increase in 
stereoselectivity in the case of the formation of 21 h, than in the case of the corresponding 
methyl and allyl esters. 

Thus, PASCOS catalysed epoxidation of N-cinnamoyl-pyrrolidine containing peptides 
yield epoxides in a highly stereoselective manner, the selectivity increasing with 
increasing chain length. In the case of N-cinnamoyl-tripeptides, the facial selectivity is 
found to be excellent {e.e. ~90%). Presence of a y-tixm induced secondary structure that 
induces a facial bias for one of the faces of the cinnamoyl double bond, seems to be the 
reason for the same. That this y-tum induced H-bonding persisted even after epoxidation, 
was seen by the insignificant variation of chemical shift in the 'H NMR for the allyl 
amide triplet on subnection to DMSO-dg addition studies (Figure- 1 1). 

Conformationally Constrained Phenylalanine (CCP) Containing Peptides 
Aziridination, via opening of the epoxides with sodium azide and its subsequent closure 
in the presence of triphenylphosphine, is known to take an 8^2 pathway and result in 
inversion of stereochemistry. Extending this methodology of aziridination into our 
systems would result in the formation of aziridine containing peptides, from the 
corresponding oxirane containing peptides. 
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O O 

NaN3,NH4a ^ 
MeOHrHjO, reflux 

/NH" Scheme-12 
R 

Predominaiit diastereomer 




Predominant regioisomer 


Table-4 Synthesis of Azido Alcohols 



a — With Respect to the Gnnainoyl Caibonyl; b = Major Regio Isomer shown; c = Regiomsr is 
Abbreviated for Regio-Is oner 


As discussed earlier, these can be considered as good conformationally constrained 
mimics of phenylalanine. Thus, the oxirane containing peptides 21a-e, were reacted with 
sodium azide and ammonium chloride to get to the corresponding azido alcohols. As for 
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the initial hick-ups, the reaction did not proceed well in DMF or methanol in dry and 
ambient conditions. 


HO 


R’" 


,NH 


PPh3,CH3CN^ Ph- 
reflux 

Scheme-13 




V 

o. 

Predominant diastereomer 
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However, on refluxing the epoxy peptides in methanolrwater solution, with sodium azide 
and ammonium chloride filtration, concentration & washing with water, and purification 
by column chromatography (EtOAcrhexane), yielded the azido alcohol as a mixture of 
regio isomers of which the benzyl azide products were found to be the predominant 
regioisomer (‘H NMR) in each of the cases. 

To a solution of these azido alcohols 25a-e in dry acetonitrile was added 
triphenylphosphine in room temperature (in portions) and the reaction vessel was set to 
reflux. After completion of reaction, the solvent was removed and the contents isolated 
by subjection to flash column chromatography to yield the required aziridine containing 

peptides 26b-e in good yields. However, in the case of 25a, the corresponding product 
26a was formed in poor yields. 

Subjecting 26c to OMSO^d, solvent addition studies (Figure-12) revealed the huge shift 

of the allyl amide triplet in its 'H NMR. This shift suggested that incotpomtion of 

azmdine as part of the peptide, probably disrupts the y-tum induced H-bonding that 

persisted in the olefms (15c,d) and the corresponding epoxide containing peptides 

(15c,d). It is thus probable that aziridine, as part of the peptide system, could impart 

nstdifted linearity to the peptide. The energy minimized conformational studies of the 

uzindine containing peptide (26c) also showed that the peptide adopted a linear minimum 
energy conformation. 

Tbese azindmes were acylated with cinnamoyl chloride in THF. Typically, to a solution 
of the aziridine in THF was added triethylamine and the maction mixture was cooled to 0 
0 the stiiring solution was added a dilute solution of cinnamoyl chloride in THF and 
the mixture stirred till completion of reaction. Removal of solvent, washing with 
bicarbonate & water, drying, concentration and purification by column chromatography 
gelded the corresponding cinnamoylated aziridine containing peptides, in good yields. 

tion of cinnamoyl chloride, however, in minimum amount of solvent (THF) led to 
the formation of five melnbered amino ketal ring system as the major product, as 
exemphfled by the fonnation of C from 26b (Scheme-14a). Thus, the CCP-Pro 
containing peptides 26b-e wem synthesised from the corresponding aziridine containing 
peptides 25b.e. These CCP-Pm containing peptides can thus have a diversity at the Pd 

site and the C-terminal protecting groups. 


310 



Part B Section II 


Conformationally Constrained Amino Acids: Introduction 



Table-6 

Synthesis of N-Cinnamoyl-CCP-Pro Containing Peptides With Diversity At P2', P3' S 



Diversities can also be introduced at the P2 site of these peptides containing the 
conformationally constrained Phe-Pro peptidomimic. Thus, coupling of N-cinnamoyl- 
leucine 17 with 26c in the presence of dicyclohexylcarbodiimide (DCC), 1-hydroxybenza 
triazole (HOBT) and triethylamine in CHjClj gave the corresponding pentapeptide 28 
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containing the Phe-Pro peptidomimic. Thus, diversities could also be introduced at the P2 
site of these CCP-Pro containing peptides. 



Conformationally Constrained Phe at any part of the peptide 

The CCP amino acid residue can be incorporated at any desired site of the ligand 
(peptide). We synthesised a Pro-CCP containing peptide. PASCOS is known to catalyse 
the epoxidation of ethyl ciimamate to ethyl phenylglycidate in good yields, in the 
presence of 2-methylpropanal and oxygen atmosphere in acetonitrile. Opening of 
commercially available ethyl-3-phenyl-glycidate 29 with sodium azide in ambient 
conditions in the presence of ammonium chloride yielded the corresponding azido 
alcohol 30, which was refluxed in acetonitrile with triphenylphosphine to yield the 
corresponding aziridine containing derivative 31 in good yields. 
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Coupling of 31 with N-cinnamoyl-phenylalanine-proline using the mixed anhydride 
coupling procedure, with isobutylchloroformate as the carboxyl-activating group yielded 
the corresponding pseudo tetrapeptide 32. This is isostructural to methyl-N-cinnamoyl- 
phenylalanine-proline-phenylalaninate 33, which was synthesised by the coupling of 
appropriate amino acid residues in the reqtured seqeunce using the mixed anhydride 
coupling procedure (Scheme-18). 27d and 32 are isostructural to 33 (Figure-10). 



The CCP-Pro peptidomimic containing peptide 27c was subjected to acid catalysed ring 
opening, in the presence of catalytic amount of ;7-toluenesulphonic acid with methanol / 
water / allyl alcohol, to yield the corresponding P-substituted phenylalanine-derivative 
containing oligopeptides 34a-c in good yields. 

The facile opening of the aziridine containing peptide, suggests that these pseudopeptides 
might be good competitive irreversible inhibitors of HIV PR, in the presence of tlie 
rtyl groups. These oligopeptides 34a-c could also be crucial in leading us to 

conformation of the inhibitor ligands at the HIV PR active site; since, 
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presence of Cp-substituents on the phenylalanine would impose conformational 
restrictions on the phenylalanine residue. 



Thus, we have designed and synthesised aziridine-containing peptides, incorporating a 
conformationally constrained 2-phenyl-acylaziridine as potential competitive Phe-Pro 
peptidomimic for irreversible binding at the HIV PR active site. These constrained 
analogues could assist in imparting a p-strand conformation, which is a common 
recognition element at the active site of HIV PR, to the oligopeptide backbone. The Cp- 
substituted phenylalanine-derivate containing oligopeptides derived from the aziridine 
analogues, could also act as conformationally constrained phenylalanine analogues. We 
have ^discovered that N-cinnamoyl-pyrrolidine containing peptides impart facial 
selectivity to the cinnamoyl double bond, during epoxidation. Presence of a third peptide 
bond containing an amide NH, leads to greater stereoselectivity during epoxidation due 
to the presence of a hydrogen-bonded motif - possibly a gama turn formed by the 
hydrogen bonding between the -NH hydrogen of the third amide and die proline 
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carbonyl. NMR, chemical cotrelahon and molecular modeling studies seem to 
suppliment such reasoning. 


/ 
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Experimental Section 
Materials and Methods 

Acetonitrile, ethyl acetate, hexane, THF and all other solvents were purified by standard 
procedures. All the amino acids were bought from SpectroChem India Limited and used 
as such. Cinnamic acid, methylchloroformate, sodium azide, isobutylchloroformate, 
triethyl amine, triphenylphosphine, ammonium chloride, 2-methylpropanal 
(isobutyraldehyde) were all procured commercially and were purified before use. 
Polyaniline supported Co(II) Salen was prepared according to procedure developed in our 
lab.'*^ Column chromatography was performed on ACME silica-gel eluant. TLC was 
performed on ACME silica-gel-G coated glass plates and were visualized using UV 
lamp, 'h NMR spectra were recorded using Jeol PMX-60 system, Bruker WP-80, Jeol 
300 FTNMR or JNMLA400 FTNMR machines in CCI 4 /CDCI 3 . Chemical shifts are given 
relative to TMS in ppm(5). Multiplicity is indicated using the following abbreviations: 
s(singlet), bs(broad singlet), d(doublet), dd(doublet of a doublet), ddd(doublet of a 
doublet of a doublet), dt(doublet of a triplet) td(triplet of a doublet), q(quartet), 
dq(doublet of a quartet), tdd(triplet of a doublet of a doublet), qd(quartet of a doublet) 
and m(multiplet). The FAB mass spectra were recorded on JEOL SX 102/DA 6000 mass 
spectrometer data system using Argon (6 Kv, 10 mA) as the FAB gas. Optical rotations 
were measured in Autopol® II/ Autopol® III polarimeters. All the known compounds 
were characterized by comparing with the literature data. IR spectra were recorded on 
Perkin Elmer 683 spectrophotometer, using either a neat sample or a solution in 
CCI 4 /CH 2 CI 2 and solids were examined as KBr pellets and the values are reported in Vmax 
(cm'^). HPLC analyses were done with Rainin System fitted with Dynamax® SD-200 
pump and detected with Groton PDA solonet Diode Array Detector. 

General Procedure for the Synthesis of methyl-L-amino ester hydrochloride 

To an ice cold, stirring suspension of the L-amino acid (1 equivalent) in methanol (1 
mL/mmol) was added thionylchloride (1.1 equivalents) drop wise from a dropping 
funnel. The clear solution that resulted was stirred at room temperature for 3 h. Me&anol 
was removed in vacuo and the resulting solid was washed with dry ether. Drying under 
vacuo yielded the amino ester hydrochloride in nearly quantitative yields, which was 
used for further reaction in the next step without any further purification. 

In general it was observed that coupling reactions with methyl-amino ester 
hydrochlorides were better yielding when these were freshly synthesised before use for 
subsequent synthesis, due to the hygroscopic nature of most of these salts. 

General Procedure for the Synthesis of methyl-N-cinnamoyl-amino ester 

Method A 

To a stirring, ice cold solution of cinnamic acid (1 equivalent) and triethylamine (1 
equivalent) in THF (1.5 mL/mmol) was added methylchloroformate (1 equivalent) and 
the mixture was stirred vigorously for 2 minutes.* After which, a solution of the amino 
ester hydrochloride (1.1 equivalents) in DMSO (0.5 mL/mmol) was added followed by 
triethylamine (2.2 equivalents) dissolved in THF (1 mL/mmol). The reaction vessel was 
allowed to warm to room temperature and vigorously stirred for further 3-4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel under suction and 
washed with THF. Removal of solvent from the filtrate imder vacuo yielded a residue. 
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which was dissolved in EtOAc 2niL/mmol) and washed with saturated aqueous 
solution of NaHCOS, water and brine. Drying (Na 2 S 04 ) and evaporation of solvent under 
vacuo yielded the crude product which was further purified by column chromatography 
(EtOAc. Hexane) to yield the required product usually as good solids in good yields. 

* On prolonging beyond this time, usually methyl cinnamate is formed in healthy 
quantities as a side product. 

Method B 

To a stirring ice cold solution of cinnamoyl chloride (1 equivalent) in dichloromethane (1 
mL/mmol) was added the amino ester hydrochloride (1.1 equivalents) followed by a 
solution of triethylamine (2.2 equivalents) in dichloromethane (1 mL/mmol) drop wise 
through a dropping funnel. After complete addition of triethylamine, the reaction mixture 
was vigorously stirred for a further 5-6 h and then diluted with dichloromethane (1 
mL/nunol). Work up as described in method A, with saturated aqueous solution of 
NaHCOS, water and brine and purification by column chromatography yielded the N- 
cinnamoyl amino ester in good yields. 

In general, it was observed that yields of methyl-N-cinnamoyl-amino esters were better 
by method A, than by method B. 

General Procedure for the Synthesis of N-cinnamoyl>amino acid 
Method A 

To an ice cold solution of cinnamoylchloride (1 equivalent) in dichloromethane (1 
mL/mmol) was added the L-amino acid (1 equivalent). To the stirring mixture a solution 
of triethylamine (2.2 equivalents) in dichloromethane (1 mL/mmol) was added drop wise 
at such a rate that the vessel temperature did not exceed 10 °C. After complete addition, 
the reaction mixture was warmed to room temperature and stirring was continued for 4-5 
h. The solvent was evaporated in vacuo. To the resulting residue was added while 
stirring, aqueous solution of IN HCl until no more acidification occurred (formation of 
milky white precipitate ceased). The aqueous suspension of yellowish white solid was 
filtered on a sintered funnel imder suction and dried by spreading on cellulose filter paper 
for 10 h in a dessicator, to yield the N-cinnamoyl amino acid in excellent yields. 

Method B 

To a solution of the methyl-N-cinnamoyl amino ester (1 equivalent) in MeOH (4 
mL/mmol) was added a solution of Li0H.H20 (1.2- 1.5 equivalents) in water (1 
mL/mmol)* and stirred at room temperature imtil completion of reaction (TLC - 
complete disappearance of starting material). Methanol was removed xmder vacuo and the 
aqueous part was acidified with an aqueous solution of IN HCl by drop wise addition and 
simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue - if it was a solid- was 
filtered off on a sintered funnel under suction and dried on cellulose filter paper for 10 - 
12 h in a dessicator; or -if it was a gum- was extracted with dichloromethane, dried 
(anhydrwous sodium sulphate) and concentrated under vacuo; to yield the N-cinnamoyl 
amino acid, usually in good yields as a solid or gum. 

*It might be required to use warm water to dissolve Li 0 H.H 20 in case of larger scale 
reactions (> 20 mmol). In which case, after dissolving in warm water, it is better to cool 
the solution before addition to the methanolic solution of the methyl ester. 
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It is notable that the TLC patterns of most of these N-cinnamoyl peptides with free 
carboxyl group appear as white streaks, on visualising in iodine chamber. 

Synthesis of methyl-N-cinnamoyl-leucinate (16) 

To a stirring, ice cold solution of cinnamic acid (1.48 gm, lOmmol) and triethylamine 
(1.4 mL, lOmmol) in THF (15 mL) was added methylchloroformate (0.77 mL, 10 mmol) 
and the mixture was stirred vigorously for 2 minutes. After which, a solution of methyl 
leucinate hydrochloride (2 gm, 10 mmol) in DMSO (4-5 mL) was added followed by 
triethylamine (3.1 mL, 22 mmol) dissolved in THF (15 mL). The reaction vessel was 
allowed to warm to room temperature and vigorously stirred for further 3-4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel under suction and 
washed with TeEf. Removal of solvent from the filtrate under vacuo yielded a residue, 
which was stirred with saturated aqueous solution of NaHCOs (20 mL) for 15 minutes. 
The bicarbonate layer was decanted and the resulting semi solid washed with water 
(2X10 mL). An yellow solid precipitated, which was filtered off on a suction funnel and 
dried in a dessicator under vacuum, on a cellulose filter paper for 10 h. Purification of the 
resulting solid by column chromatography (EtOAc:Hexane = 1:5.25) (TLC - Rf = 0.5; 
hexane:ethylacetate 5:1) yielded the above said compound as a crystalline white solid 
(MP. = 68 °C) in good yields (85%). = +20° (c = 0.01, CH2CI2). 

NMR, 80 MHz, CDCI3, 5 7.73 (d, J = 8.2H2, IH), 7.60 (d, J = 16Hz, IH), 7.35 (s, 
3H), 6.70 (d, J = 16Hz, IH), 4.90 (dd, J = 10.2Hz & J = 5.6Hz, IH), 3.82 (s, 3H), 1.73 
(dd, J = 8Hz «fe J = 1.6Hz, 2H), 1.21 - 1.18 (m, IH), 0.96 (d, J = 6.5Hz, 6H) 

Synthesis of N-cinnamoyl-leucine (17) 

To a solution of the methyl-N-ciimamoyl leucinate (1.38 gm, 5 mmol) in MeOH (20 mL) 
was added a solution of LiOH.H20 (205 mg, 5 mmol) in water (5 mL) and stirred at room 
temperature imtil completion of reaction (TLC - EtOAc:hexane - 1:3 - complete 
disappearance of starting material). Methanol was removed under vacuo and the aqueous 
part was acidified with an aqueous solution of IN HCl by drop wise addition and 
simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurs on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane (30mL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to yield N-ciimamoyl-L-leucine, in good yields (85 %) as a hygroscopic gum. 

Synthesis of allyl-N-cinnamoyl-leucine amide (15a) 

To a stirring, ice-cold solution of N-cinnamoyl-leucine (1.48 gm, lOmmol) and 
triethylamine (1.4 mL, lOmmol) in THF (15 mL) was added isobutylchloroformate (1.29 
mL, 10 mmol) and the mixture was stirred vigorously for 50 - 60 sec. After which, a 
solution of allyl amine (1.2 mL, 15 mmol) in THF (10 mL) was added followed by 
triethylamine (2.1 mL, 15 mmol) dissolved in THF (10 mL). The reaction vessel was 
allowed to warm *to room temperature and vigorously stirred for further 3-4 h. 
Triethylamine hydrochloride was filtered off on a sintered fimnel imder suction and 
washed with THF. Removal of solvent from the filtrate under vacuo yielded a residue, 
which was taken in EtOAc and washed with saturated solution of NaHCOa, water and 
brine. The organic layer was separated, dried (Na2S04) and concentrated in vacuo to 
yield a residue, which was subjected to column chromatography (Silica gel- 
EtOAc:Hexane-l:3) (TLC - Rf = 0.5; hexane:ethylacetate 2:1) to yield allyl-N- 
cinnamoyl-leucine amide as a solid (M.P. = 78-80°C) in good yields (72 %). 
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H NMR, 400 MHz, CDCI3, 8, 7.97 (dd, J= 8.5 Hz & 1.7 Hz, IH), 7.79 (t, J = 5.6 Hz, 
IH), 7.52 (d, J = 15.9 Hz, IH), 7.34 (d, J = 8Hz, 2H), 7.18 - 7.13 (m, 3H), 6.62 (d, J = 
15.9 Hz, IH), 5.75 (ddd, J = 24.3 Hz, 10.9 Hz&4.1 Hz, IH), 5.11 (dd, J= 15.9 Hz & 1.2 
Hz, IH), 5.00 (td, J = 10.3 Hz & 1.4 Hz, 1H),4.78 (dd, J = 13.9 Hz & 7.9 Hz, IH), 3.88 
(d, J = 15.9 Hz, IH), 3.72 (d, J = 15 .9 Hz, IH), 1.68 - 1.57 (m, 2H), 1.17 - 1.44 (m, IH), 
0.84 (ddd, J = 14.6 Hz, 5.4 Hz & 3.4 Hz, SH> 

Synthesis of N-cinnamoyl-proline (1 8) 

To an ice cold solution of cinnamoylchloride (1.67 gm, 10 mmol) in dichloromethane (15 
mL) was added L-proline (1.15 gm, 10 mrnol). To the stirring mixture a solution of 
triethylamine (3.1 mL, 22 mmol) in dichlorcimethane (20 mL) was added drop wise at 
such a rate that the vessel temperature did aot exceed 10 °C. After complete addition, the 
reaction mixture was warmed to room temperature and stirring was continued for 4-5 h. 
The solvent was evaporated in vacno. To the resulting residue was added while stirring, 
aqueous solution of IN HCl until no more acidification occurred (formation of milky 
white precipitate ceased). The aqueous suspension of yellowish white solid was filtered 
on a sintered funnel under suction and dried hy spreading on cellulose filter paper for 10 
h in a dessicator, to yield N-cinnamoyl proline as a white solid (M.P. = 162 °C) in 
excellent yields (96 %). 

Synthesis of allyl-N-cinnamoyl-prolire amide (15b) 

To a stirring, ice-cold solution of N-cinnamoyl-proline (2.45 gm, lOmmol) and 
triethylamine (1.4 mL, lOmmol) in THF ( 15 mL) was added isobutylchloroformate (1.29 
mL, 10 mmol) and the mixture was stirred vigorously for 50 - 60 sec. After which, a 
solution of allyl amine (1.2 mL, 15 niiiiol)i in THF (10 mL) was added followed by 
triethylamine (2.1 mL, 15 mmol) dissolved in THF (10 mL). The reaction vessel was 
allowed to warm to room temperature and vigorously stirred for further 3-4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel under suction and 
washed with THF. Removal of solvent firom the filtrate under vacuo yielded a residue, 
which was taken in EtOAc and washed witli saturated solution of NaHCOs, water and 
brine. The organic layer was separated, dried (Na 2 S 04 ) and concentrated in vacuo to 
yield a residue, which was subjecteel to column chromatography (Silica gel- 
EtOAc:Hexane-l:1.5) (TLC - Rf = 0.5; liexanerethylacetate 1:1) to yield allyl-N- 
cirmamoyl-proline amide as a solid (M.T, = 92-94 °C) in good yields (8 1 %). 

^H NMR, 400 MHz, CDCb, 5 7.75 (d, J = 15.4 Hz, IH), 7.56 - 7.53 (m, 2H), 7.42 (bs, 
IH), 7.40 - 7.38 (m, 3H), 6.76 (d, J = 1 5.4 Hz, IH), 5.83 (dq, J = 10.5 Hz & 5.4 Hz, IH), 
5.1 8 (dd, J = 16.8 Hz & 5.3 Hz, IH), 5.1 1 (d, J = 10.2 HZ, IH), 4.76 (d, J = 7 Hz, IH), 
3.87 (dd, J = 19.3 Hz & 5.6 Hz, 2H), 3.82 -3 .73 (m, IH), 3.67 - 3.61 (m, IH), 2.54 (dd, J 
= 12.4 Hz & 6.6 Hz, IH), 2.18 (dt, J = 18.3Hz& 9.3 Hz, IH), 2.08 - 2.04 (m, IH), 1.91 - 
1.81 (m, IH) 

Synthesis of methyl-N-cinnamoyl-proline*leucinate (19c) 

A stirring solution of N-cinnamoyl-proline <2.45 gm, 10 mmol) and triethylamine (1.4 
mL, 10 mmol) in THF (15 mL) was cooM to -10 °C in an ice-salt bafti and to it was 
added methylchloroformate (0.77 mL, 1 () mmol) and stirred vigorously for 50 - 60 
seconds. Then a solution of methyl-L-le^cinate hydrochloride (2.00 gm, 1 1 mmol) in 
DMSO (0.5 mL) was added followed by a solution of triethylamine (3.1 mL, 22 mmol) in 
THF (15 mL). The mixture was warmed to room temperature by removal of the ice bath 
and vigorously stirred for further 4 h. Trietliylamine hydrochloride was filtered off on a 
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sintered funnel under suction and washed twice with THF. Removal of solvent fr^TthT 
filtrate under vacuo yielded a residue, which was dissolved in EtOAc (30 mL) and 
washed with saturated aqueous solution of NaHCOa (2X10mL), water (2X10mL) and 
bnne (IXlOmL). Drying (Na 2 S 04 ) and evaporation of solvent under vacuo yielded the 
crude product which was further purified by column chromatography (EtOAcHexane 
1:1.5) (TLC - Rf = 0.40; hexane: ethylacetate 1.5:1) to yield methyl-N-cinnamoyl-L' 
prohne-L-leucmate as a solid (M.P. = 1 10 °C) in good yield (80 %); = -170.5° (c 

~ 0.0 Ij CH 2 CI 2 ). ^ 


'H NMR, 400 MHz, CDCI3, 5 7.74 (d, J = 15.3 Hz, IH), 7.66 (d, J = 7 32 Hz im 7 
7^4 (m 2H), 7.39 - 7,35 (m, 3 H). 6.76 (d, J = 15.6 Hz, IH), 4 57 - 4.47 (m 21^ 1 73 1 
3H), 3.70 - 3.61 (m, 2H), 2.51 - 2.46 (m, IH), 2.06 - 2.03 (m, IH) 2 21- 2 I2V rm’ 

3H); IR (KBr) v„ax 3400, 3030, 2950, 2880, 1730, 1640, 1600, 1480 1440 cm''- FT ro 
(CH,CW: 3278, 3059, 2956.5, 2872.7, 1744.8, 1649.6, 1598.1, 1542 1,' 1498 O^isI 

Synthesis of methyl-N-cinnamoyl-proline-phenylalanInate (19d) 

A stimng solution of N-cinnamoyl-proline (2.45 gm, 10 mmol) and triethylamine (1 4 

bath and to h was adde^ 

methylchloroformate (0.77 mL, 10 mmol) and stirred vigorously for 50 - 60 seconds 
Then a solution of methyl-L-phenylalninate hydrochloride (2.37 gm, 1 1 mmol) in DMSO 
P .^) was added foUowed by a solution of tiieftylamine (3.1 nTl . nTo in TOT (,5 
). e mixture was warmed to room temperature by removal of the ice bath and 
stirred for further 4 h. Triethylamine hydrochloride was filtered off on a 
smtjed funnel under suction. Removal of solvent from the filtrate under vacuo yielded a 
idue, which w^ stirred with saturated aqueous solution of NaHCOs (20mL) for 15 
minutes upon which, a solid precipitated. TTie aqueous bicarbonate layer wSdecled 
and the ^lid was washed with water (2X10mL) and filtered on a sintered funnel under 
^ction. Drying of the solid on a cellulose filter paper in a desiccator under vacuo yielded 

t . exane- 1.1.5) (TLC - Rf - 0.40; hexane:ethylacetate 1.5:1) to yield methvl N 

*H NMR, 400 MHz, CDCI3, 6 7.80 (d J = 8 Hz im 7 7 ^ t 1 c zi tt ,Trx 

^9 (dd, J - 13.9 Hz & 5.4 Hz. 11^. Z96 (dd, J =13 9 & & 8 & im 2 47 ?39 
2m 1760, l'65o! ® 3400-^^300 30^^ 

Synthesis of N-cInnamoyl-L-proline-Ueucine (20c) 

stizred a. room .emperatuze until /!^ti“J 

simultaneous vi^omne ctirri^^ a a hlCl by drop wise addition and 

p.cipi.e r. 
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dichloromethane (3X10 mL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to yield N-cinnamoyl-L-leucine as a white solid (M.P. = 136-138 °C) in good 
yields (88 %). 

Synthesis of N-cinnamoyl-proline-phenyialanine (20d) 

To a solution of the methyl-N-cinnamoyl-proline-phenylalaninate ( 1.22 gm, 3 mmol) in 
MeOH (20 mL) was added a solution of Li 0 H.H 20 (123 mg, 3 mmol) in water (5 mL) 
and stirred at room temperature until completion of reaction (TLC - EtOAc ; hexane - 1 : 
1 - complete disappearance of starting material). Methanol was removed under vacuo and 
the aqueous part was acidified with an aqueous solution of IN HCl by drop wise addition 
and simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occured on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane (3X10mL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to yield N-cinnamoyl-phenylalanine as a white solid, in good yields (85 %). 

Synthesis of ailyl-N-cinamoyl-proiine-leucine amide (15c) 

To a stirring, ice-cold solution of N-cinnamoyl-proline-leucine ( 1.79 gm, 5 mmol) and 
triethylamine (0.7 mL, 5 mmol) in THF (10 mL) was added isobutylchloroformate (0.65 
mL, 5 mmol) and the mixture was stirred vigorously for 50 - 60 sec. After which, a 
solution of allyl amine (0.6 mL, 7.5 mmol) in THF (10 mL) was added followed by 
triethylamine (1.1 mL, 8 mmol) dissolved in THF (10 mL). The reaction vessel was 
allowed to warm to room temperature and vigorously stirred for further 3-4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel xmder suction and 
washed with THF. Removal of solvent from the filtrate imder vacuo yielded a residue, 
which was taken in EtOAc (30 mL) and washed with saturated solution of NaHCOs 
(2X10 mL), water (2X10 mL) and brine (1X10 mL). The organic layer was separated, 
dried (Na 2 S 04 ) and concentrated in vacuo to yield a residue, which was subjected to 
column chromatography (Silica gel-EtOAc:Hexane-3:2) (TLC - Rf = 0.4; 
hexane:ethylacetate 2:3) to yield allyl-N-cinnamoyl-proline-leucine amide as a solid 
(M.P. = 135 - 137 °C) in good yields (80 %). 

'H NMR, 400 MHz, CDCI 3 , 6 , 7.70 (d, J = 15.4 Hz, IH), 7.52 (d, J = 3.6 Hz, 5H), 7.5 l(d, 
J = 1.96 Hz, 0.5 Hz), 7.38 - 7.27 (m, 5H), 7.13 (d, J = 8.1 Hz, IH), 6.73 (d, J = 15.4 Hz, 
IH), 5.81 (ft, J = 1 1.7 Hz «fe 5.6 Hz, IH), 5.15 (dd, J = 1.44 Hz & 17.1 Hz, IH), 5.09 (dd, 
J = 7.32 Hz & 1.44 Hz, IH), 4.66 (dd, J = 8.04 Hz, & 3.4 Hz, IH), 4.39 - 4.37 (m, IH), 
3.86 - 3.82 (m, 2H), 3.78 (dd, J = 17.6 Hz & 4.4 Hz, IH), 3.68 (dd, J = 8.1 Hz & 5.2 Hz, 
IH), 2.34 - 2.21 (m, IH), 2.15-1.86 (m, 3H), 1.81-1.63 (m, IH), 1.60 - 1.45 (m, 2H), 
0.90 (dd, J = 7.5 Hz & 5 Hz, 3H), 0.87 (dd, J = 6.3 Hz & 2.2 Hz, 3H). 

Synthesis of allyl-N-cinnamoyl-proline-phenylalanine amide (15d) 

To a stirring, ice-cold solution of N-ciimamoyl-proline-phenylalanine (1,96 gm, 15mmol) 
and triethylamine (0.7 mL, 5 mmol) in THF (10 mL) was added isobutylchloroformate 
(0.65 mL, 5 mmol) and the mixture was stirred vigorously for 50 - 60 sec. After which, a 
solution of allyl amine (0.6 mL, 7.5 mmol) in THF (10 mL) was added followed by 
triethylamine (1.1 mL, 8 mmol) dissolved in THF (10 mL). The reaction vessel was 
allowed to warm to room temperature and vigorously stirred for further 3-4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel under suction and 
washed with THF. Removal of solvent from the filtrate under vacuo yielded a residue, 
which was taken in EtOAc (30 mL) and washed with saturated solution of NaHCOj 
(2X10 mL), water (2X10 mL) and brine (1X10 mL). The organic layer was separated. 
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dried (Na 2 S 04 ) and concentrated in vacuo to yield a residue, which was subjected to 
column chromatography (Silica gel-EtOAc:Hexane - 3:2) (TLC - Rf = 0.45; 
hexaneiethylacetate 2:3) to yield allyl-N-cinnamoyl-proline-phenylalanine amide as a 
solid (M.P. =151 - 153 °C) in good yields (81 %). 

NMR, 400 MHz, CDCI 3 5 7.62 (d, J = 15.4 Hz, IH), 7.55 - 7.53 (m, 2H), 7.43 (d, J = 
1.7 Hz, 2H), 7.42 (d, J = 2.1 Hz, 2H), 7.22 - 7.06 (m, 4H), 6.95 (d, J = 8.3 Hz, IH), 6.67 
(bs, IH), 6.58 (d, J = 15.4 Hz, IH), 5.81 (ddd, J = 15.9 Hz, 10.5 Hz & 5.6 Hz, IH), 5.13 
(dd, J = 21.8 Hz & 1.2 Hz, IH), 5.11 (t, J = 1.4 Hz, IH), 4.70 (dd, J = 3. Hz & 8.3 Hz, 
IH), 4.60 (d, J = 5.6 Hz, IH), 3.88 (tq, J = 15.6 Hz & 5.6 Hz, IH), 3.60 - 3.49 (m, 2H), 
3.20 (dd, J = 14.2 Hz & 5.9 Hz, IH), 3.11 (dd, J = 13.9 Hz & 8 Hz, IH), 2.25 - 2.22 (m, 
IH), 1.98 - 1.89 (m, 2H), 1.87 - 1.83 (m, IH) 

General Procedure for the PASCOS catalysed Synthesis of Oxirane 
Containing Peptides from the Corresponding N-cinnamoyl peptides 

To a solution of the allyl-N-cinnamoyl-peptide amide (1 equivalent) in CH 3 CN (5 
mL/mmol) was added 2 -methylpropanal (2 equivalents) and PASCOS catalyst^ (~5 mg) 
and the contents were stirred xrnder oxygen atmosphere at RT for 12 h. After this time, a 
fresh lot of the catalyst and 2 -methylpropanal (2 equivalents)* were added to the reaction 
mixture and allowed to stir, until complete conversion of the olefin (TLC).® Additional 
lot of the catalyst and the aldehyde (2 equivalents) were added in periods of 12 h until 
complete conversion of the olefin. The catalyst was filtered off on a sintered funnel and 
acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc and washed 
successively with saturated solution of NaHC 03 , water and brine. Separating the organic 
phase, drying and concentration in vacuo, yielded the corresponding oxirane containing 
peptide in cmde. These cmde epoxides were further subjected to column chromatography 
(silica gel; EtOAc:Hexane) for purification to get to the corresponding pure epoxides in 
good yields. 

* The catalyst should be washed thoroughly with acetonitrile until the wash is constantly 
colorless. Impurities in the catalyst were found to hinder the formation of epoxide. 

* The aldehyde needed to be added in four equivalents for optimum and best conversions. 
Isobutyraldehyde can also be taken in lots of 3 equivalents and then 1 equivalent. 
However, lesser reaction times were realised by adding it in lots of 2 equivalents each. 

® Pre-coated fluorescent silica plates and Silica gel-G coated glass plates were used as 
immobile phase. TLC plates were visualised in 12 chamber and under U.V. light, (254 
nm). Characteristically, all the N-cinnamoyl peptides show up as excellent bright spots 
under U.V. light, whereas the epoxides show up as very light spots under U.V. light. 

Synthesis of allyUN-(3-phenylglycidyl)-ieucine amide (21a) 

To a solution of allyl-N-cinnamoyl-leucine amide (450 mg, 1.5 mmol) in CH 3 CN 
(7.5mL) was added 2-methylpropanal (216 mg, 3 mmol) and PASCOS catalyst (~5 mg) 
and the contents were stirred imder oxygen atmosphere at RT for 12 h. After this time, a 
fresh lot of the catalyst and 2 -methylpropanal (216 mg, 3 mmol) were added to the 
reaction mixture and allowed to stir, until complete conversion of the olefin to the 
epoxide (TLC - Rf = 0.55; EtOAc:Hexane - 1 : 2 ). The catalyst was filtered off on a 
sintered funnel and acetonitrile was removed in vacuo. The resulting residue was taken in 
EtOAc (30 niL) and washed with saturated solution of NaHC 03 (2X10 mL), water (2X10 
mL) and brine (1X10 mL). Separating the organic phase, drying and concentration in 
vacuo, yielded the corresponding oxirane containing peptide in crude. This crude epoxide 
was further subjected to column chromatography (Silica gel; EtOAc:Hexane - 1 : 2 ) for 
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purification to get to the pure epoxides in excellent yields (85%) as a gum. lalD^^ = -6° (c 
= 0.001, CH 2 CI 2 ). 


'H NMR, 400 MHz, CDCI 3 , 6 7.57 (dd, J = 15.9 Hz, IH), 7.44 (d, J = 5.8 Hz, IH), 7.32 
(bs, 4H), 7.24 - 7.23 (m, IH), 5.83 - 5.76 (m, IH), 5.16 (d, J = 17.1 Hz, IH), 5.08 (d, J = 
9.2 Hz, IH), 4.67 (bs, IH), 3.97 & 3.90 (d, J = 1.96 Hz , 0.5, 0.5 H), 3.88 (m, IH), 3.82 
(m, IH), 3.56 & 3.54 (d, J = 1.96Hz, 0.5, 0.5 H), 1.65 - 1.59 (m, 2H), 2.00 - 1.16 (m, IH), 
0.93 (d, J = 5.12 Hz, 3H), 0.92 (d, J = 5.12 Hz, 3H). 

Synthesis of allyl-N-{3-phenylglycidyl)-proline amide (21b) 

To a solution of allyl-N-cinnamoyl-proline amide (426 mg, 1.5mmol) in CH 3 CN (7.5 
mL) was added 2-methylpropanal (216 mg, 3 mmol) and PASCOS catalyst (~5 mg) and 
the contents were stirred under oxygen atmosphere atRT for 12 h. After this time, a fresh 
lot of the catalyst and 2-methylpropanal (216 mg, 3 mmol) were added to the reaction 
mixture and allowed to stir, imtil complete conversion of the olefin to the epoxide (TLC - 
Rf = 0.45; EtOAc:Hexane - 1:1). The catalyst was filtered off on a sintered funnel and 
acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc and washed 
successively with saturated solution of NaHC 03 , water and brine. Separating the organic 
phase, drying and concentration in vacuo, yielded the corresponding oxirane containing 
peptide in high purity and yields (HPLC). This crude epoxide was further subjected to 
column chromatography (Silica gel; EtOAc:Hexane - 1:1.5) for purification to get to the 
pure epoxides in excellent yields (89%) as a gum. = -46 ° (c = 0.0015, CH 2 CI 2 ). 


^H NMR, 400 MHz, CDCI 3 , 5 7.31 - 7.27 (m, 3H), 7.26 - 7.19 (m, 2H), 6.87 (m, IH), 
5.74 (qd, J = 27.fi Hz & 5.4 Hz, IH), 5.10 (ddd, J = 15.4 Hz, 3.4 Hz & 1.8 Hz, IH), 5.02 
(tdd, J = 10.2 Hz, 4.9 Hz, 1.4 Hz, IH), 4.56 (ddd, J = 13.4Hz, 11 Hz& 2.4 Hz, IH), 4.02, 
4.01, 3.99 & 3.98 (d, J = 1.7 Hz, 0.4, 0.4, 0.1 & O.IH), 3.81 - 3.74 (m, 2H), 3.59 (dd, J = 
8.8 Hz & 5.1 Hz, IH), 3.54 & 3.52 (d, J = 1.9 Hz, 0.5 & 0.5H), 3.45 - 3.41 (m, IH), 2.39 
- 2.27 (m, IH). 2.10 (dt, J = 10.5 Hz &1.9 Hz, IH), 1.95 - 1.91 (m, IH), 1.85 - 1.79 (m, 
IH); MS m/z 301 (M^, 289, 244, 232, 216, 207, 200, 181, 154, 137 


Synthesis of allyl-N-(3>pheny[glycidyl}-proline-leucine amide (21c) 

To a solution of allyl-N-cinnamoyl-proline-leucine amide (595 mg, 1.5 mmol) in CH 3 CN 
(7.5 mL) was added 2 -methylpropanal (216 mg, 3 mmol) and PASCOS catalyst (~5 mg) 
and the contents were stirred imder oxygen atmosphere at RT for 12 h. After this time, a 
fresh lot of the catalyst and 2 -methylpropanal (216 mg, 3 mmol) were added to the 
reaction mixture after 12 h and 24h respectively, and allowed to stir, until near complete 
conversion of the olefin to the epoxide (TLC - Rf = 0.4; EtOAc:Hexane - 5:4). The 
catalyst was filtered off on a sintered funnel and acetonitrile was removed in vacuo. The 
resulting residue was taken in EtOAc and washed successively with saturated solution of 
NaHC 03 , water and brine. Separating the organic phase, drying and concentration in 
vacuo, yielded the corresponding oxirane containing peptide as a crude residue. This 
residue was further subjected to flash column chromatography (Silica gel; EtOAc:Hexane 
- 3:2) for purification to get to the pure epoxides in good yielck (62%) as solid (M.P . = 85 
°C) [a]D^^ = -124.5 ° (c = 0.018, CH 2 CI 2 ). 

‘H NMR, 400 MHz, CDCI 3 , 5, 6.47 (d, J = 4.4 Hz, IH), 7.32 - 7.29 (m, 2H), 7.25 - 7.20 
(m, 3H), 7.18 - 7.17 (m, IH), 5.75 (ddd, J = 15.3 Hz, 10.2 Hz & 5.6 Hz, IH), 5.10 (dd, J 
= 17.1 Hz & 1.30 Hz, IH), 5.04 (d, J = 10.3 Hz, IH), 4.53 (dt, J = 8.3 Hz & 5.8 Hz, IH), 
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4.36 - 4.31 (m, IH), 4.01 (d, J = 1.8 Hz, IH), 3.78 (d, J = 4.4 Hz, 2H), 3.74 - 3.69 (m7 
IH), 3.64 (dd, J = 7.8 Hz, &5.1 Hz,lH), 3.57 (d, J = 1.8 Hz, 0.5 Hz), 3.54 (s, 0.5H), 2.22 

- 2.14 (m, IH), 2.08 - 2.02 (m, IH), 2.00 - 1.94 (m, 2H), 1.70 - 1.65 (m, IH), 1.59 - 1.48 
(m, 2H), 0.87 (dd, J = 6.1 Hz & 3.7 Hz, 3H), 0.83 (d, J = 5.84 Hz, IH); MS m/z 413 (M^), 
391, 341, 307, 289, 268, 228, 209, 181, 154, 136 

Synthesis of allyI-N-(3-phenylglycidyl)-prollne-phenyalanine amide (21 d) 

To a solution of allyl-N-cinnamoyl-proline-phenylalanine amide (648 mg, 1.5 mmol) in 
CH 3 CN (7.5 mL) was added 2 -methylpropanal (216 mg, 3 mmol) and PASCOS catalyst 
(~5 mg) and the contents were stirred under oxygen atmosphere at RT for 12 h. After this 
time, a fresh lot of the catalyst and 2 -methylpropanal (216 mg, 3 mmol) were added to 
the reaction mixture after 12h and 24 h respectively, and allowed to stir, until complete 
conversion of the olefin to the epoxide (TLC - Rf = 0.45; EtOAc:Hexane - 3:2). The 
catalyst was filtered off on a sintered fimnel and acetonitrile was removed in vacuo. The 
resulting residue was taken in EtOAc and washed successively with saturated solution of 
NaHCOs, water and brine. Separating the organic phase, drying and concentration in 
vacuo, yielded the corresponding oxirane containing peptide as a crude residue. This 
residue was further subjected to flash column chromatography (Silica gel; EtOAc:Hexane 

- 5:4) for purification to get to the pure epoxide in good yields (64%) as solid (M.P. = 96 
°C) [a]D^^= -96 ° (c = 0.001, CH 2 CI 2 ). 

^H NMR, 400 MHz, CDCI 3 , 5 7.37 - 7.35 (m, 3H), 7.30 - 7.25 (m, 3 H), 7.22 - 7.18 (m, 
4H), 7.09 (d, J = 8.2 Hz, IH), 6.91 (t, J = 5.4 Hz, IH), 5.73 (ddd, J = 22.7 Hz, 10.3 Hz & 
5.4 Hz, IH), 5.06 (td, J = 26.2 Hz & 1.5 Hz, IH), 5.05 (dd, J = 2.6 Hz & 1.4 Hz, IH), 
4.52 (dd, J = 7.8 Hz & 3.2 Hz, IH), 4.00 (d, J = 2Hz, IH), 3.79 (dd, J = 7.6 Hz & 1.7 Hz, 
2H), 3.65 - 3.50 (m, 2H), 3.55 (d, J = 2 Hz, IH), 3.23 (dd, J = 13.9 Hz & 6.1 Hz, IH), 
3.01 (dd, J = 13.9 Hz & 6.1 Hz, IH), 2.05 - 2.02 (m, IH), 1.97 - 1.88 (m, 2H), 1.84 - 
1.79 (m, IH); MS m/z 448 (M^, 141, 328, 302, 244, 216, 200, 154, 136; IR v^ax 3300 - 
3030 (br), 2880, 1760, 1680, 1660, 1600, 1575 

Synthesis of methyNN-cinnamoyl-proline-leucine-glycinate (22) 

A stirring solution of N-cinnamoyl-proline-leucine (1.79 gm, 5 mmol) and triethylamine 
(0.7 mL, 5 mmol) in THF (10 mL) was cooled to -10 °C in an ice-salt bath and to it was 
added methylchloroformate (0.38 mL, 5 mmol) and stirred vigorously for 50-60 
seconds. Then a solution of methyl-L-glycinate hydrochloride (690 mg, 5.5 mmol) in 
DMSO (1.5 mL) was added followed by a solution of triethylamine ( 1.6 mL, 1 1 mmol) in 
THF (10 mL). The mixture was warmed to room temperature by removal of the ice bath 
and vigorously stirred for further 4 h. Triethylamine hydrochloride was filtered off on a 
sintered funnel imder suction and washed twice with THF. Removal of solvent from the 
filtrate under vacuo yielded a residue, which was dissolved in EtOAc (30 mL) and 
washed with saturated aqueous solution of NaHC 03 (2X10 mL), water ( 2 X 10 mL) and 
brine (1X10 mL). Drying (Na 2 S 04 ) and evaporation of solvent under vacuo yielded the 
crude product which was further purified by column chromatography (EtOAc:Hexane- 
3:2) (TLC - Rf = 0.45; hexane:ethylacetate 2:3) to Meld methyl-N-cinnamoyl-proline- 
leucine-glycinate as a gum in good yields (68 %) [ajo" = -35. 1 1 ° (c = 0.014, CH 2 CI 2 ). 

‘H NMR, 400 MHz, CDCI 3, 6 7.73 (d, J = 16.1 Hz, IH), 7.53 - 7.50 (m, 2 H), 7.37 - 7.25 
(m, 3H), 7.34 (d, J - 7.8 Hz, IH), 7.19 (t, J = 5.6 Hz, IH), 4.71 (d, J = 8 Hz, IH), 4.47 - 
4.45 (m, IH), 4.10 dd, J = 12.2 Hz & 4.5 Hz, IH), 3.95 (dd, J = 12.2 Hz & 4.5 Hz, IH), 
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3.81 - 3.78 (m, IH), 3.71 (s, 3H), 3.69 - 3.65 (m, IH), 2.45 -2.41 (m, IH), 2.23 - 1.96 (m, 
3H). 

Synthesis of N-cinnamoyi-proline-ieucine-glycine (23) 

To a solution of the methyl-N-cinnamoyl-proline-leucine-glycinate (1.29 gm, 3 mmol) in 
MeOH (16 mL) was added a solution of Li 0 H.H 20 (143 mg, 3.5 mmol) in water (4 mL) 
and stirred at room temperature until completion of reaction (TLC - EtOAcihexane - 3:1 - 
complete disappearance of starting material). Methanol was removed under vacuo and the 
aqueous part was acidified with an aqueous solution of IN HCl by drop wise addition and 
simultaneous vigorous stirring. After complete acidification (no more milky white 
precipitate occurred on addition of dilute HCl), the resulting residue was extracted with 
dichloromethane (3X10 mL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to yield N-cinnamoyl-proline-leucine-glycine, in good yields (75 %) as a gum. 

Synthesis of allyl-N*cinnamoyl-proline-leucine-glycinate (15e) 

To a solution of N-cinnamoyl-proline-leucine-glycine (830 mg, 2 mmol) in acetone (15 
mL) was added K 2 CO 3 (455 mg, 3.3 mmol) and allylbromide (268 mg, 2.2 mmol) and the 
reaction mixture was set to reflux for 8 h during which time, the reaction was almost 
complete. The inorganic salts were filtered off on a sintered ftmnel xinder suction and 
solvent was removed under vacuo. The resulting residue was taken in EtOAc (30 mL) 
and washed with saturated aqueous solution of NaHCOa (2X10 mL), water (2X10 mL) 
and brine (1X10 mL). Drying the organic layer (anhydrous Na 2 S 04 ) and concentration in 
vacuo yielded a thick residue which was purified by column chromatography (EtOAc in 
Hexane-50 %) (TLC - Rf = 0.5; hexane : ethylacetate 2:3) to yield allyl-N-cinnamoyl- 
proline-leucine-glycinate as a crystalline solid (M.P = 52-54 °C), in good yields (72 %) 
[a]D^^ = -93.43 ° (c = 0.0105, CH 2 CI 2 ). 

^H NMR, 400 MHz, CDCI 3 , 6 7.72 (d, J = 15.4 Hz, IH), 7.56 - 7.53 (m, 2H), 7.41 - 7.34 
(m, 3H), 7.31 (d, J = 8 Hz, IH), 7.21 - 7.19 (m, IH), 6.77 (d, J=15.5 Hz, IH), 7.21 - 7.19 
(m, IH), 6.77 (d, J = 15.5 Hz, IH), 5.88 (ddd, J = 17.1 Hz, 10.5 Hz & 5.8 Hz, IH), 5.31 
(td, J = 15.7 Hz & 1.5 Hz, IH), 5.23 (td, J = 9.3 Hz & 1.2 Hz, IH), 4.71 (dd, J = 8.1 Hz & 
3 Hz, IH), 4.60 (td, J = 5.9 Hz & 1.2 Hz, 2H), 4.48 - 4.45 (m, IH), 4.14 (dd, J = 18.1 Hz 
& 5.9 Hz, IH), 3.97 (dd, J = 18.1 Hz & 5.5 Hz, IH), 3.81 - 3.79 (m, IH), 3.70 (dd, J = 8.8 
Hz & 7 Hz, IH), 2.36 (td, J = 10.8 Hz & 3.2 Hz, IH), 2.14 - 1.99 (m, 3H), 1.58 (ddd, J = 
25.6 Hz, 10 Hz & 5.4 Hz, 2H), 0.89 (t, J = 6.1 Hz, 3H), 0.87 (dd, J = 6.4 Hz & 3.6 Hz, 
3H). 

Synthesis of allyl-N-(3-phenylglycidyl)-proline-leucine-glycinate (21 e) 

To a solution of allyl-N-cinnamoyl-proline-leucine glycinate (546 mg, 1.2 mmol) in 
CH 3 CN (6 mL) was added 2 -methylpropanal (173 mg, 2.4 mmol) and PASCOS catalyst 
(~5 mg) and the contents were stirred under oxygen atmosphere at RT for 12 h. After this 
time, a fresh lot of the catalyst and 2 -methylpropanal (173 mg, 2.4 mmol) were added to 
the reaction mixture and allowed to stir, until complete conversion of the olefin to the 
epoxide (TLC - Rf = 0.4; EtOAc:Hexane - 3:2). The catalyst was filtered off on a sintered 
funnel and acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc 
and washed successively with saturated solution of NaHC 03 , water and brine. Separating 
the organic phase, drying and concentration in vacuo, yielded the corresponding oxirane 
containing peptide as a crude residue. This crude residue was further subjected to column 
chromatography (Silica gel; EtOAc:Hexane 60%) for purification to get to the pure 
epoxides in poor yields (~ 10 %) as a gum [ajn^^ = “28.8 ° (c = 0.005, CH 2 CI 2 ). 
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H NMR, 400 MHz, CDCI3, 6 7.65 (d, J = 8.8 Hz, IH), 7.66 - 7.23 (m, 5H), 7 02 (bs 
IH), 5.88 (qd, J = 15.8 Hz & 5.6 Hz, IH), 5.29 (dd, J = 12 Hz & 1.5 Hz, IH), 5.22 (dd J 
= 10 Hz & 1.2 Hz, IH), 4.71 (dd, J = 8Hz & 4.4 Hz, IH), 4.59 (td, J = 6 Hz & 1 2 Hz 
IH), 4.47 - 4.44 (m, IH), 4.22 (dd, J = 1 1.2 Hz & 5.1 Hz, IH), 4.16 (dd, J =1 1.2 Hz & 5 1 
Hz, IH), 4.10 (s, IH), 3.98 - 3.91 (m, IH), 3.78 -3.69 (m, IH), 3.61 (s, IH), 2.28 - 2 46 
(m, IH), 2.14 - 1.94 (m, 3H), 1.82 - 1.73 (m, IH), 1.65 - 1.56 (m, 2H), 0.95 - 0.85 (m 
6H); IR Vmax 3030, 2980, 2870, 1775, 1760, 1680, 1600, 1560 cm ' 

Synthesis of methyl-4-(N-cinnamoyl-L-ieucinyl)-crotonate (15h) 

To a solution of N-cinnamoyl-L-leucine (1.35 gm, 5 mmol) in acetone (25 mL) was 
added K2CO3 (828 mg, mmol) and allylbromide (1.08 gm, 6 mmol) and the reaction 
mixture was set to reflux for 8 h during which time, the reaction was almost complete. 
The inorganic salts were filtered off on a sintered funnel under suction and solvent was 
removed under vacuo. The resulting residue was taken in EtOAc (30 mL) and washed 
with saturated aqueous solution of NaHC03 (2X10 mL), water (2X10 mL) and brine 
(1X10 mL). Drying the organic layer (anhydrous Na2S04) and concentration in vacuo 
gelded a thick residue which was purified by column chromatography (EtOAc in 
Hexane-25 %) (TLC - Rf = 0.5; hexane : ethylacetate 2.5:1) to yield methyl-4-(N- 
cinnamoyl-L-leucinyl)-crotonate as a white solid (M.P. 78-80 °C), in good yields (62%). 

H NMR, 400 MHz, CDCI3, 5 7.69 (d, J = 16 Hz, IH), 7.44 - 7.22 (m, 5H) 6.98 (td J = 
20 Hz & 5.6 Hz, IH), 6.56 (d, J = 16 Hz, IH), 6.09 (td, J = 20 Hz & 3Hz, IH), 4 83 (dd J 

J = 6-5 Hz & 3 Hz, 2H), lio- As (iTri)! 

Synthesis of niethy|.4.{N.cinnamoyl-L-proline.L“leucinyl)-crotonate (151) 

To a solution of N.o^oyl-L-^^^^^ (537 j 5 

(7.5^) added K 2 CO 3 (228 mg, 1.65 mmol) and allylbromide ( mL, mmol) and the 
reacbon nuxture was set to reflux for 8 h during which time, the reaction is almost 
complete. The morgamc salts were filtered off on a sintered funnel under suction and 
solvent was removed under vacuo. The resulting residue was taken in EtOAc (20 mL) 

md HaHCO, (2X10 mL), water (2X10 mL 

^uo layer (anhyd. NarSO,) and concentration in 

te lo y 1 m r "'S'f T <='>^»”>ato8raphy (EtOAc in 

nexane-4U /o) (TLC - Rf = 0.5; hexane : ethylacetate 1:1) to yield methyl-4-(N- 

^ ^ 

'H 400 MHz, CDCI3, § 7.79 (d, J = 7.3 Hz, IH), 7.75 (d, J = 15.5 Hz IHi 7 56 - 
T53 (m, 2H), 7.41 - 7.35 (m, 3H), 6.94 (td, J = 15.9 Hz & 1.7 Hz, IH) 6.76 (d J = 15.4 

J=’32HzTedV53 J=4.9Hz& 1 .9 Hz, 2H), 4.64 (d, 

J 3.2 Hz, IH), 4.51 (dd, J - 12.9 Hz & 5.6 Hz, IH), 3.79 - 3.76 (m IH) 3 75 3H) 

(m^^ 1 9l’*f ^ v’S?’ '“I- 2- 1 1 - 2.07 

k st 0.89 (d j- rs^k ' ^ 

Synthesis of methyl-4-(N-(3-phenylglycidyl)leucinyl)-crotonate (21 h) 

CH crotonate (684 mg, 1.5 mmol) in 

3 ( . L) was added 2-methylpropanal (216 mg, 3 mmol) and PASCOS catalyst 
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(~5 mg) and the contents were stirred under oxygen atmosphere at RT for 12 h. After this 
time, a fresh lot of the catalyst and 2 -methylpropanal (216 mg, 3 mmol) were added to 
the reaction mixture and allowed to stir, until complete conversion of the olefin to the 
epoxide (TLC - Rf = 0.45; EtOAc:Hexane - 1 : 1 ). The catalyst was filtered off on a 
sintered funnel and acetonitrile was removed in vacuo. The resulting residue was taken in 
EtOAc (20 mL) and washed successively with saturated solution of NaHCOs (2X10 mL), 
water (2X10 mL) and brine (1X10 mL). Separating the organic phase, drying and 
concentration in vacuo, yielded the corresponding oxirane containing peptide as a crude 
residue. This residue was further subjected to flash column chromatography (Silica gel; 
EtOAcrHexane - 5:6) for purification to get to the pure epoxide in excellent yields (90%) 
as a gum = -8 ° (c = 0 . 00 1 , CH 2 CI 2 ). 

‘H NMR, 400 MHz, CDCI 3 , 6 7.33 - 7.32 (m, 4H), 7.25 - 7.23 (m, 2 H), 6.97 - 6.90 (m, 
2H), 6.05 (d, J = 15.8 Hz, IH), 4.77 (dd, J = 4.7 Hz & 2.8 Hz, 2H), 4.68 (dd, J = 9.5 Hz & 
8.1 Hz, IH), 3.98 & 3.90 (d, J = 1.4 Hz, IH), 3.73 & 3.72 (s, 3H), 3.58 & 3.55 (d, J = 1.4 
Hz, IH), 1.68 (dt, 14.4 Hz & 5.6 Hz, 2H), 1.17 - 1.09 (m, IH), 0.96 (d, J = 5.1 Hz); MS 
m/z 376, 360, 318, 303, 278, 260, 228, 184, 154 

Synthesis of methyl-4-(N-(3-phenylglycidyl)proline-leucinyl)-crotonate (21 i) 

To a solution of methyl-4-(N-cinnamoyl-leucinyl) crotonate (538 mg, 1.5 mmol) in 
CH 3 CN (5 mL/mmol) was added 2-methylpropanal (216 mg, 3mmol) and PASCOS 
catalyst (~5 mg) and the contents were stirred under oxygen atmosphere at RT for 12 h. 
After this time, a fresh lot of the catalyst and 2-methylpropanal (216 mg, 3mmol) were 
added to the reaction mixture and allowed to stir, until complete conversion of the olefin 
to the epoxide (TLC - Rf = 0.45; EtOAc:Hexane - 1:2.5). The catalyst was filtered off on 
a sintered fuimel and acetonitrile was removed in vacuo. The resulting residue was taken 
in EtOAc(20 mL) and washed successively with saturated solution of NaHC 03 (2X10 
mL), water (2X10 mL) and brine (1X10 mL). Separating the organic phase, drying and 
concentration in vacuo, yielded the corresponding oxirane containing peptide as a crude 
residue. This crude residue was further subjected to column chromatography (Silica gel; 
EtOAc:Hexane - 1:2) for purification to get to the pure epoxide in excellent yields (90%) 
as gum = -108 ° (c = 0.010, CH 2 CI 2 ). 

*H NMR, 400 MHz, CDCI 3 , 6, 7.32 - 121 (m, 2H), 7.25 - 7.20 (m, 3H), 6.87 (td, J = 15.6 
Hz & 4.6 Hz, IH), 5.98 (dd, J = 15.9 Hz & 2 Hz, IH), 4.72 (dd, J = 4.6 Hz & 1.7 Hz, 
2H), 4.61 (d, J = 8 Hz, IH), 4.46 (t, J = 7.2 HZ, IH), 3.99 (d, J = 1.7 Hz, IH), 3.69 (s, 
3H), 3.37 (m, IH), 3.61 (dd, J = 9 Hz & 5.4 Hz, IH), 3.54 (d, J = 1.7 Hz, IH), 2.35 - 2.29 
(m, IH), 2.12 - 2.07 (m, IH), 1.96 - 1.95 (m, IH), 1.89 - 1.84 (m, IH), 1.60 - 1.54 (m, 
2H), 1.86 (t, J = 7.3 Hz, IH), 0.91 (d, J = 4.6 Hz, 3H), 0.87 (d, J = 4.6 Hz, 3H); MS m/z 
473 (IVO, 391, 353, 325, 307, 289, 244, 216, 200, 181, 154 

General Procedure for the PASCOS Catalysed Epoxidation of N-cinnamoyl- 

peptides In the Presence of NaOAc: Method-B 

To a solution of the N-cinnamoyl-peptide (1 equivalent) in CH 3 CN (5 mL/mmol) was 
added 2-methylpropanal (2 equivalents), NaOAc (8 equivalents) and PASCOS catalyst 
(~5 mg) and the contents were stirred under oxygen atmosphere at RT for 12 h by which 
time the conversion is almost complete. After this time, a fresh lot of the catalyst and 2- 
methylpropanal (1 equivalent) were added to the reaction mixture and allowed to stir, if 
needed, until complete conversion of the olefin (TLC). The catalyst and inorganic salts 
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were filtered off on a sintered funnel and acetonitrile was removed in vacuo. The 
resulting residue was taken in EtOAc and washed successively with saturated solution of 
NaHCOs, water and brine. Separating the organic phase, drying and concentration in 
vacuo, yielded the corresponding oxirane containing peptide in high purity and yields 
(HPLC). These epoxides were further subjected to column chromatography (Silica gel; 
EtOAc:Hexane) for purification to get to the corresponding epoxides in excellent yields. 

Synthesis of allyl-N-{3-phenylglycldyl)-proline amide (Method-B) (21b) 

To a solution of the allyl-N-cinnamoyl-proline amide (142 mg, 0.5 mmol) in CH3CN (5 
mL) was added 2-methylpropanal (72 mg, 1 mmol), NaOAc (328 mg, 4 mmol) and 
PASCOS catalyst (~5 mg) and the contents were stirred imder oxygen atmosphere at RT 
for 15 h. After this the catalyst and inorganic salts were filtered off on a sintered funnel 
and acetonitrile was removed in vacuo. The resulting residue was taken in EtOAc and 
washed successively with saturated solution of NaHCOs, water and brine. Separating the 
organic phase, drying and concentration in vacuo, yielded the corresponding oxirane 
containing peptide as a crude residue (HPLC). These epoxides were further subjected to 
column chromatography (Silica gel; EtOAc:Hexane - 1:1.86) for purification to get to the 
corresponding epoxide in excellent yields (92%) = -42 ° (c = 0.01, CH2CI2). 

NMR, 400 MHz, CDCI3, 5 7.31 - 7.27 (m, 3H), 7.26 - 7.19 (m, 2H), 6.87 (m, IH), 
5.74 (qd, J = 27.6 Hz & 5.4 Hz, IH), 5.10 (ddd, J = 15.4 Hz, 3.4 Hz & 1.8 Hz, IH), 5.02 
(tdd, J = 10.2 Hz, 4.9 Hz, 1.4 Hz, IH), 4.56 (ddd, J = 13.4Hz, 1 1 Hz& 2.4 Hz, IH), 4.02, 
4.01, 3.99 & 3.98 (d, J = 1.7 Hz, 0.4, 0.4, 0.1 & O.IH), 3.81 - 3.74 (m, 2H), 3.59 (dd, J = 
8.8 Hz & 5.1 Hz, IH), 3.54 & 3.52 (d, J = 1.9 Hz, 0.5 & 0.5H), 3.45 - 3.41 (m, IH), 2.39 

- 2.27 (m, IH). 2.10 (dt, J = 10.5 Hz &1.9 Hz, IH), 1.95 - 1.91 (m, IH), 1.85 - 1.79 (m, 
IH); MS m/z 301 (M^, 289, 244, 232, 216, 207, 200, 181, 154, 137 

Synthesis of allyl-N-(3-phenylglycidyl)-proline-leucine amide (Method-B) 
(21c) 

To a solution of the allyl-N-cinnamoyl-proline-leucine amide (595 mg, 1.5 mmol) in 
CH3CN (7.5 mL) was added 2-methylpropanal (216 mg, 3 mmol), NaOAc (656 mg, 8 
mmol) and PASCOS catalyst (~5 mg) and the contents were stirred under oxygen 
atmosphere at RT for 12 h, After this time, a fresh lot of the catalyst and 2- 
methylpropanal (103 mg, 1.5 mmol) were added to the reaction mixture and allowed to 
stir, imtil complete conversion (20 h) of the olefin (TLC). The catalyst and inorganic salts 
were filtered off on a sintered funnel and acetonitrile was removed in vacuo. The 
resulting residue was taken in EtOAc and washed successively with saturated solution of 
NaHCOs, water and brine. Separating the organic phase, drying and concentration in 
vacuo, yielded the corresponding oxirane containing peptide as a crude residue. This 
crude residue was further subjected to column chromatography (Silica gel; 
EtOAc:Hexane - 3:2) for purification to get to the corresponding epoxides in excellent 
yields (89%) = -1 16 ° (c = 0.002, CH2CI2). 

‘H NMR, 400 MHz, CDCI3, S, 6.47 (d, J = 4.4 Hz, IH), 7.32 - 7.29 (m, 2H), 7.25 - 7.20 
(m, 3H), 7.18 - 7.17 (m, IH), 5.75 (ddd, J = 15.3 Hz, 10.2 Hz & 5.6 Hz, IH), 5.10 (dd, J 
= 17.1 Hz 81 1.30 Hz, IH), 5.04 (d, J = 10.3 Hz, IH), 4.53 (dt, J = 8.3 Hz & 5.8 Hz, IH), 
4.36- 4.31 (m, IH), 4.01 (d, J = 1.8 Hz, IH), 3.78 (d, J = 4.4 Hz, 2H), 3.74 - 3.69 (m, 
IH), 3.64 (dd, J = 7.8 Hz, &5.1 Hz, IH), 3.57 (d, J = 1.8 Hz, 0.5 Hz), 3.54 (s, 0.5H), 2.22 

- 2.14 (m, IH), 2.08 - 2.02 (m, IH), 2.00 - 1.94 (m, 2H), 1.70 - 1.65 (m, IH), 1.59 - 1.48 
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(m, 2H), 0.87 (dd, J = 6.1 Hz & 3.7 Hz, 3H), 0.83 (d, J = 5.84 Hz, IH); MS m/z 413 (M^, 
391, 341, 307, 289, 268, 228, 209, 181, 154, 136 

Synthesis of allyl-N-(pheny(glycidyl)-proline-phenylalanine amide (Method- 
B) (21 d) 

To a solution of the allyl-N-cinnamoyl-proline-phenylalanine amide (648 mg, 1.5 mmol) 
in CH 3 CN (7.5 mL) was added 2-methylpropanal (216 mg, 3 mmol), NaOAc (984 mg, 12 
mmol) and PASCOS catalyst (~5 mg) and the contents were stirred under oxygen 
atmosphere at RT for 12 h. After this time, a fresh lot of the catalyst and 2- 
methylpropanal (103 mg, 1.5 mmol) were added to the reaction mixture and allowed to 
stir, until complete conversion (17 h) of the olefin (TLC). The catalyst and inorganic salts 
were filtered off on a sintered funnel and acetonitrile was removed in vacuo. The 
resulting residue was taken in EtOAc and washed successively with saturated solution of 
NaHCOs, water and brine. Separating the organic phase, drying and concentration in 
vacuo, yielded the corresponding oxirane containing peptide as a crude residue. This 
crude residue was further subjected to column chromatography (Sihca gel; 
EtOAc'.Hexane - 5:4) for purification to get to the corresponding epoxide in excellent 
yields (93%) = -100 ° (c = 0.009, CH 2 CI 2 ). 

*H NMR, 400 MHz, CDCI 3 , 5 7.37 - 7.35 (m, 3H), 7.30 - 7.25 (m, 3 H), 7.22 - 7.18 (m, 
4H), 7.09 (d, J = 8.2 Hz, IH), 6.91 (t, J = 5.4 Hz, IH), 5.73 (ddd, J = 22.7 Hz, 10.3 Hz & 
5.4 Hz, IH), 5.06 (td, J = 26.2 Hz & 1.5 Hz, IH), 5.05 (dd, J = 2.6 Hz & 1.4 Hz, IH), 
4.52 (dd, J = 7.8 Hz & 3.2 Hz, IH), 4.00 (d, J = 2Hz, IH), 3.79 (dd, J = 7.6 Hz & 1.7 Hz, 
2H), 3.65 - 3.50 (m, 2H), 3.55 (d, J = 2 Hz, IH), 3.23 (dd, J = 13.9 Hz & 6.1 Hz, IH), 
3.01 (dd, J = 13.9 Hz & 6.1 Hz, IH), 2.05 - 2.02 (m, IH), 1.97 - 1.88 (m, 2H), 1.84 - 
1.79 (m, IH); IR Vmax 3300 - 3030 (hr), 2880, 1760, 1680, 1660, 1600, 1575 

Synthesis of methyl-N-(3-phenylglycidyl)-prolme-leucinate (Method-B) (21f} 

To a solution of the methyl-N-cinnamoyl-proline leucinate (558 mg, 1.5 mmol) in 
CH 3 CN (7.5 mL) was added 2-methylpropanal (216 mg, 3 mmol), NaOAc (984 mg, 12 
mmol) and PASCOS catalyst (~5 mg) and the contents were stirred under oxygen 
atmosphere at RT for 14 h until complete conversion of the olefin (TLC). The catalyst 
and inorganic salts were filtered off on a sintered fuimel and acetonitrile was removed in 
vacuo. The resulting residue was taken in EtOAc and washed successively with saturated 
solution of NaHCOs, water and brine. Separating the organic phase, drying and 
concentration in vacuo, yielded the corresponding oxirane containing peptide as a crude 
residue. This crude residue was further subjected to flash column chromatography (Silica 
gel; EtOAc'.Hexane - 1:1.5) for purification to get to the corresponding epoxide in 
excellent yields(90%) as a solid, = -1 18 ° (c = 0.013, CH 2 CI 2 ). 

‘H NMR 400 MHz, CDCI 3 5 7.34 - 7.20 (m, 5 H), 7.15 (d, J = 7.9 Hz, IH), 4.67 (d, J = 

5.6 Hz, IH), 4.49 (t, J = 4.2 Hz, IH), 4.03 (d, J = 3.6 Hz, IH), 3.73 (s, 3H), 3.61 (d, J = 

3.6 Hz, IH), 3.57 (m, 2H), 2.39 - 1.89 (m, IH), 0.93 (dd, J = 6.6 Hz, 6 H); MS m/z 389, 
339, 307, 281, 269, 244, 216, 209, 181, 154, 136; IR v«ax 3200 (br), 3030, 2910, 2880, 
1760, 1655 cm‘^ 

Synthesis of methyl-N-(3-phenylgiycidy l)-proline-aspartate (Method-B) 

(21g) 

To a solution of the methyl-N-cinnamoyl-proline-aspartate (78 mg, 0.2 nunol) in CH 3 CN 
(2 mL) was added 2 -methylpropanal (30 mg, 0.4 mmol), NaOAc (131 mg, 1.6 mmol) and 
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Synthesis of azido alcohol containing peptide (25e) 

To a solution of the oxirane containing pepeitde 21e (398 mg, 1 mmol) in methanol (8 
ml. ) was added NaNs (325 mg, 5 mmol) and NH4CI (118 mg, 2.2 mmol) followed by 
water (1 mL) and the reaction mixture was refluxed for 8 h. The solvent was removed to 
give a residue which was taken in EtOAc (10 mL/mmol) and washed with water (2X5 
mL) and the organic layer was dried (Na2S04) and concentrated in vacuum to yield a 
residue which was purified by subjection to flash column chromatography (Silica gel- 
EtOAc:hexane - 3:2) to yield the corresponding azido alcohol in good yields (83 %) as a 
mixture of regio-isomers as a gum = -71.1° (c = 0.003, .CH2CI2). 


NMR, 400 MHz, CDCI3, 6 7.42 - 7.29 (m, 5H), 7.22 (d, J = 8.6 Hz, IH), 4.80 & 4.74 
(d, J = 7.8 Hz, IH), 4.66 - 4.61 (m, IH), 4.59 - 4.57 (m, IH), 4.40 & 4.38 (d, J = 7.8 Hz, 
IH), 3.70 (s, 3H), 3.65 - 3.49 (m, 2H), 2.33 - 2.24 (m, IH), 2.03 - 1.89 (m, 2H), 1.67 - 
1.48 (m, 3H), 1.26 - 1.22 (m, IH), 0.94 (t, J = 5.6 Hz, 3H), 0.89 (dd, J = 13.6 Hz & 6.3 
Hz, 3H); IR Vnvax 3340, 3040, 2880, 2100 (s), 1740, 1675, 1600, 1550 cm 

General Procedure for the synthesis of Aziridine Containing Peptides From 
Azido Alcohol containing Peptides 

To a solution of the azido alcohol (1 equivalent) in CH3CN (8 mL/mmol) was added 
triphenylphosphine (1 equivalent) in portions, with vigorous stirring at ambient 
conditions. The reaction mixture was stirred for a further 0.5 h at ambient temperature 
after complete addition of PPhs; after which, the solution was set to reflux for 6 h. The 
solvent was evaporated under vacuum and the resulting residue was subjected to flash 
column chromatography (Silica gel - EtOAcrHexane) to yield the corresponding aziridine 
containing peptide in good yields. 


Synthesis of aziridine containing peptide (26a) 

To a solution of the azido alcohol 25a (215 mg, 0.6 mmol) in CH3CN (4.8 mL) was 
added triphenylphosphine (158 mg, 0.6 mmol) in portions, with vigorous stirring at 
ambient conditions. The reaction mixture was stirred for a further 0.5 h at ambient 
temperature after complete addition of PPhs; after which, the solution was set to reflux 
for 6 h. The solvent was evaporated under vacuum and the resulting residue was 
subjected to flash column chromatography (Silica gel - EtOAc:Hexane - 1:2.1) to yield 
the corresponding aziridine containing peptide in poor yields (8%) as a gum, [ajo^^ = -0.5 
° (c = 0.001, CH2CI2). • 

‘H NMR, 400 MHz, CDCI3, 5 7.29 - 7.19 (m, 5H), 6.94 (d, J = 8.6 Hz, IH), 6.86 (s, IH), 
5.69 (ddd, J = 22.6 Hz, 10.2 Hz & 5.6 Hz, IH), 5.05 (d, J = 18.3 Hz, IH), 5.01 (d, J = 
10.2 Hz, IH), 4.13 (dt, J = 9.3 Hz & 4.9 Hz, IH), 3.69 (d, J = 5.4 Hz, IH), 1.98 (d, J = 5.4 
Hz, IH), 1.32 (qd, J = 13.3 Hz & 4.5 Hz, IH), 1.21 - 1.09 (m, IH), 0.82 - 0.77 (m, IH), 
0.66 (d, J = 6.8 Hz, 3H), 0.51 (d, J = 6.4 Hz, 3H) 

Synthesis of aziridine containing peptide (26b) 

To a solution of the azido alcohol 25b (309 mg, 0.9 mmol) in CH3CN (7.2 mL) was 
added triphenylphosphine (236 mg, 0.9 mmol) in portions, with vigorous stirring at 
ambient conditions. The reaction mixture was stirred for a further 0.5 h at ambient 
temperature after complete addition of PPha; after which, the solution was set to reflux 
for 6 h. The solvent was evaporated trader vacuum and the resulting residue was 
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subjected to flash column chromatography (Silica gel - EtOAc:Hexane - 3:2) to yield the 
corresponding aziridine containing peptide in moderate yields (54%). 

‘H NMR, 400 MHz, CDCI3, 6 7.58 (dd, J = 11.9 Hz & 1.5 Hz, IH, aziridine NH), 7.39 
(dt, J = 8.1 Hz & 3.1 Hz, 0.4H, amide NH), 7.27 - 7.17 (m, 5H), 7.02 (bs, 0.6H, amide 
NH), 5.77 (ddd, J = 22.5 Hz, 10.5 Hz & 5.1 Hz, IH), 5.10 (dd, J = 15.9 Hz & 1.4 Hz, 
IH), 5.07 (dd. J = 10.5 Hz & 1.4 Hz, IH), 4.53 (d, J = 6.6 Hz, IH), 3.80 (dt, J = 3.4 Hz & 
1.7 Hz, 2H), 3.57 (d, J = 9.2 Hz, IH), 3.56 (dd, J = 8.8 Hz & 2.8 Hz, IH), 3.07 (d, J = 6.8 
Hz, IH), 2.57 (d, J = 6.8 Hz, IH), 2.37 (tdd, J = 12.2 Hz, 6.6 Hz 2 Hz, IH), 2.19 - 2.08 
(m, IH), 1.99 - 1.90 (m, IH), 1.87 - 1.77 (m, IH); MS m/z 300 (NT), 283, 267, 243, 228, 
210, 182, 155, 137 

Synthesis of aziridine containing peptide (26c) 

To a solution of the azido alcohol 25c (912 mg, 2 mmol) in CH3CN (16 ml. ) was added 
triphenylphosphine (526 mg, 2 mmol) in portions, with vigorous stirring at ambient 
conditions. The reaction mixture was stirred for a further 0.5 h at ambient temperature 
after complete addition of PPh3; after which, the solution was set to reflux for 6 h. The 
solvent was evaporated under vacuum and the resulting residue was subjected to flash 
column chromatography (Silica gel - EtOAcrHexane- 7:3) to yield the corresponding 
aziridine containing peptide in good yields (68%) = -94 ° (c = 0.005, CH2CI2). 

^H NMR, 400 MHz, CDCI3, 5 7.31 - 7.19 (m, 5H), 7.13 (d, J = 7.3 Hz, 0.5H), 6.92 (d, J = 
5.9 Hz, 0.5 H), 6.65 & 6.53 (m, IH), 5.75 (ddd, J = 20.5 Hz , 11.2 Hz & 5.6 Hz, IH), 
5.1 1 (ddd, J = 18.2 Hz, 3.2 Hz & 1.7 Hz, IH), 5.06 (td, J = 10.2 Hz & 1.2 Hz, IH), 4.50 
(dt, J = 9.1 Hz & 3.2 Hz, IH), 4.34 (dd, J = 8.32 Hz & 4.9 Hz, IH), 3.80 - 3.77 (m, 2H), 
3.60 (dd, J = 8.6 Hz & 5.1 Hz, IH), 3.51 (t, J = 7.6 Hz, IH), 3.10, 3.04 (d, J = 2.2 Hz, 
IH), 2.61 - 259 (d, J = 2.2 Hz, IH), 2.26 - 2.20 (m, IH), 2.18 - 2.14 (m, IH), 2.08 - 1.97 
(m, 2H), 1.73 - 1.67 (m, IH), 1.52 (dt, J = 17.8 Hz & 5.6 Hz, IH), 1.21 - 1.18 (m, IH), 
0.87 (dd, J = 10.5 Hz & 4.1 Hz, 3H), 0.84 (t, J = 6.8 Hz, 3H) MS m/z 413 (NT), 391, 341, 
307, 289, 268, 228, 209, 181, 154, 136. 

Synthesis of aziridine containing peptide (26d) 

To a solution of the azido alcohol 25d(491 mg, 1 mmol) in CH3CN (8 mL) was added 
triphenylphosphine (263 mg, 1 mmol) in portions, with vigorous stirring at ambient 
conditions. The reaction mixture was stirred for a further 0.5 h at ambient temperature 
after complete addition of PPh3; after which, the solution was set to reflux for 6 h. The 
solvent was evaporated under vacuum and the resulting residue was subjected to flash 
column chromatography (Silica gel - EtOAc:Hexane- 7:3) to yield the corresponding 
aziridine containing peptide in good yields (65%) = -79 ° (c = 0.0055, CH2CI2). 

^H NMR, 400 MHz, CDCI3, 5 7.40 - 7.26 (m, 5H), 7.24 - 7.1 1 (m, 5H), 6.94 (d, J = 8.1 
Hz, IH), 6.44 (t, J = 5.6 Hz, IH), 5.75 (ddd, J = 22.12 Hz, 10.7 Hz & 5.6 Hz, IH), 5.09 
(dd, J = 5.8 Hz & 1.5 Hz, IH), 5.07 (t, J = 1.2 Hz, IH), 4.67 (dd, J = 15.4 Hz & 7.8 Hz, 
IH), 4.48 (dd, J = 7.8 Hz & 3.2 Hz, IH), 3.84 (dd, J = 1 1.4 Hz & 5.8 Hz, 2H), 3.58 (dd, J 
= 9.3 Hz & 6.6 Hz, IH), 3.53 - 3.47 (m, IH), 3.14 (d, J = 6.8 Hz, 2H), 3.1 1 8c 3.01 (d, J = 
2.2 Hz, 0.35 & 0.65 H), 2.59 & 2.52 (d, J = 2.2 Hz, 0.65 & 0.35 H), 2.19 - 2.10 (m, 2H), 
1.95 - 1.85 (m, 2H); MS m/z 447 (IVf), 391, 302, 279, 243, 215, 200, 154, 136 
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Synthesis of aziridine containing peptide (26e) 

To a solution of the azido alcohol 25e(353 mg, 0.8 mL) in CH3CN (6.4 mL) was added 
triphenylphosphine (210 mg, 0.8 mmol) in portions, with vigorous stirring at ambient 
conditions. The reaction mixture was stirred for a further 0.5 h at ambient temperature 
after complete addition of PPhj; after which, the solution was set to reflux for 6 h. The 
solvent was evaporated under vacuum and the resulting residue was subjected to flash 
colunrn chromatography (Silica gel - EtOAcrHexane- 3:2) to yield the corresponding 
aziridine containing peptide in good yields (70%) = -139.7 ° (c = 0.018, CH2CI2). 

NMR, 400 MHz, CDCI3, 5 7.67 & 7.64 (d, J = 1.7 Hz, IH), 7.47 (dd, J = 7.8 Hz & 2.9 
Hz, IH), 7.32 - 7.23 (m, 5H), 4.68 - 4.63 (m, IH), 4.55 - 4.50 (m, IH), 3.73 (s, 3H), 3.70 
- 3.61 (m, IH), 3.58 - 3.49 (m, IH), 3.17 - 3.11 (d, J = 2.2 Hz, IH), 2.66 (t, J = 2.4 Hz, 
IH), 2.41 - 2.37 (m, IH), 2.15 - 2.10 (m, IH), 2.01 - 1.87 (m, 2H), 1.68 - 1.54 (m, 2H), 
1.28 - 1.24 (m, IH), 0.94 (dt, J = 10 Hz & 6 Hz, 6H) 

General procedure for the cinnamoylation of Aziridine Containing Peptides 

A solution of the aziridine containing peptide (1 equivalent) and triethylamine (1.1 
equivalent) in THF (15 mL/imnol) was cooled to 0 °C in an ice bath. To it was added a 
solution of cinnamoyl chloride (1 equivalent) in THF (10 mL/mmol) drop wise at a slow 
rate (1 mL/min). The solution was warmed to room temperature after complete addition ' 
of cinnamoyl chloride and stirred for a further 6 h. The solvent was removed and the 
resulting residue was taken in EtOAc and washed with water and brine. The organic 
phase was separated, dried (Na2S04) and concentrated to give a residue which was 
subjected to flash column chromatography (Silica gel- EtOAc:Hexane) to yield the 
cinnamoylated CCP containing peptide in good yields. 

Synthesis of CCP containing peptide (27b) 

A solution of the aziridine containing peptide 26b (1 19 mg, 0.4 mmol) and triethylamine 
(0.06 mL) in THF (6 mL) was cooled to 0 °C in an ice bath. To it was added a solution of 
cinnamoyl chloride (67 mg, 0.4 mmol) in THF (4 mL) drop wise at a slow rate (1 
mL/min). The solution was warmed to room temperature after complete addition of 
ciimamoyl chloride and stirred for a further 6 h. The solvent was removed and the 
resulting residue was taken in EtOAc (15 mL) and washed with water (2X5 mL) and 
brine(lX5 mL). The organic phase was separated, dried (Na2S04) and concentrated to 
give a residue which was subjected to flash column chromatography (Silica gel- 
EtOAc:Hexane- 3:2) to yield the cinnamoylated CCP containing peptide in good yields 
(72%) [a]D^^ = +32 ° (c = 0.005, CH2CI2). 

^H NMR, 400 MHz, CDCI3, 5 8.00 (bs, IH), 7.52 (d, J = 16.1 Hz, IH), 7.42 - 7.19 (m, 
lOH), 6.51 (d, J = 16.1 Hz, IH), 5.83 - 5.70 (m, IH), 5.15 (ddd, J = 9.3 Hz, 7.6 Hz & 1.7 
Hz, IH), 5.01 (ddd, J = 11.7 Hz, 8.8 Hz & 1.5 Hz, IH), 4.57 (d, J = 7.8 Hz, IH), 4.27 (d, 

J = 7.1 Hz, IH), 3.87 - 3.82 (m, IH), 3.62 - 3.57 (m, IH), 2.39 (d, J = 7.8 Hz, IH), 2.22 - 
2.24 (m, IH), 2.03 - 1.77 (m, 2H), 1.81 - 1.72 (m, IH); MS m/z 430 (M+), 298, 194, 152 

Synthesis of CCP containing peptide (27c) 

A solution of the aziridine containing peptide 26c (412 mg, 1 mmol) and triethylamine 
(1.4 mL) in THF (15 mL) was cooled to 0 °C in an ice bath. To it was added a solution of 
cinnamoyl chloride (167 mg, 1 mmol) in THF (10 mL) drop wise at a slow rate (1 
mL/min). The solution was warmed to room temperature after complete addition of 
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cinnamoyl chloride and stirred for a further 6 h. The solvent was removed and the 
resulting residue was taken in EtOAc (25 mL) and washed with saturated solution of 
NaHCOs (2X10 mL) water (1X10 mL) and brine (2X10 mL). The organic phase was 
separated, dried (Na 2 S 04 ) and concentrated to give a residue which was subjected to flash 
column chromatography (Silica gel- EtOAc.Hexane- 7:3) to jdeld the ciimamoylated 
CCP containing peptide in good yields(75%) [a]D^^ = +76 ° (c = 0.0015, CH 2 CI 2 ). 

NMR, 400 MHz, CDCI 3 , 6 7.50 (d, J = 15.9 Hz, IH), 7.46 - 7.24 (m, 10 H), 6.89 (t, J 
= 5.12 Hz, IH), 6.54 (d, J = 15.9 Hz, IH), 5.65 (ddd, J = 22.7 Hz, 11 Hz & 5.6 Hz, IH), 
4.97 (dd, J =15.6 Hz & 1.7 Hz, IH), 4.87 (dd, J = 10.2 Hz, 1.5 Hz, IH), 4.55 (dd, J = 8.8 
Hz & 2.4 Hz, 2H), 4J27 (d, J = 2.2 Hz, IH), 4. 18 (t, J = 7.4 Hz, IH), 3.76 (dd, J = 9.8 Hz 
& 2.9 Hz, 2H), 3.48 (td, J = 15.6 Hz & 5.4 Hz, IH), 3.25 (d, J = 2.2 Hz, IH), 2.31 - 2.25 
(m, IH), 2.23 - 2.16 (m, IH), 2.02 - 1.93 (m, 2H), 1.73 - 1.71 (m, 2H), 1.25 - 1.22 (m, 
IH), 1.00 (d, J = 6.6 Hz, 3H), 0.94 (d, J = 6.6 Hz, 3H); MS m/z 543 (M^, 503, 486, 459, 
414, 398, 373, 307, 268, 228, 200, 181, 154, 136 

Synthesis of CCP containing peptide (27d) 

A solution of the aziridine containing peptide 26d(223 mg, 0.5 mmol) and triethylamine 
(O.08 noL) in THE (7.5 mL) was cooled to 0 °C in an ice bath. To it was added a solution 
of cinnamoyl chloride (85 mg, 0.5 mmol) in THE (5 mL) drop wise at a slow rate (1 
mL/min). The solution was warmed to room temperature after complete addition of 
cinnamoyl chloride and stirred for a further 6 h. The solvent was removed and the 
resulting residue was taken in EtOAc (20 mL) and washed with saturated solution of 
NaHCGa (2X10 mL) water (2X10 mL) and biine (1X10 mL). The organic phase was 
separated, dried Na 2 S 04 and concentrated to give a residue which was subjected to flash 
column chromatography (Silica gel- EtOAc;Hexane- 7:3) to yield the cinnamoylated 
CCP containing peptide in good yields (75%) = +57 ° (c = 0.0015, CH 2 CI 2 ). 

^H NMR 400 MHz, CDCI 3 5 7.64 (d, J = 15.4 Hz, IH), 7.54 (d, J = 7.8 Hz, Ih), 7.42 - 
7.38 (m, 2H), 7.34 - 7.22 (m, 6 H), 7.18 - 7.11 (m, 2 H), 6.79 (t, J = 5.6 Hz, IH), 6.72 (d, J 
= 15.4 Hz, IH), 5.76 - 5.58 (m, IH), 5.51 (d, J = 1.7 Hz, IH), 5.49 (d, J = 2.2 Hz, IH), 
5.00 (dd, J = 12.6 Hz & 6.8 Hz, IH), 4.59 (d, J = 6.8 Hz, IH), 4.26 (t, J = 6.8 Hz, IH), 
3.84 (dd, J = 5.12 Hz & 3.6 Hz, 2H), 3.77 (t, J = 5.4 Hz, IH), 3.39 - 3.32 (m, IH), 3.16 - 
3.02 (m, IH), 2.40 (dd, J = 6.8 Hz & 3.2 Hz, 2H), 2.24 - 2.11 (m, IH), 1.99 - 1.84 (m, 
2H) 

Synthesis of CCP containing peptide (27e) 

A solution of the aziridine containing peptide 26e (119 mg, 0.3 mmol) and triethylamine 
(0.04 mL) in THE (5 mL) was cooled to 0 °C in an ice bath. To it was added a solution of 
cinnamoyl chloride (50 mg, 0.3 mmol) in THE (3 mL) drop wise at a slow rate (1 
ml, /min) The solution was warmed to room temperature after complete addition of 
cinnamoyl chloride and stirred for a further 6 h. The solvent was removed and the 
resulting residue was taken in EtOAc (10 mL) and washed with saturated solution of 
NaHCOs (2X5 mL) water (1X5 mL) and brine (2X5 mL).. The organic phase was 
separated, dried (Na 2 S 04 ) and concentrated to give a residue which was subjected to flash 
column chromatography (Silica gel- EtOAc:Hexane- 5:4) to jneld the cinnamoylated 
CCP containing peptide in good yields (56%) = +12 ° (c = 0.002, CH 2 CI 2 ). 

>H NMR, 400 MHz, CDCI 3 , 5 7.77 (d, J = 16 Hz, IH), 7.66 - 7.58 (m, 3H), 7.48-7.21 
(m, 7H), 6.77 (d, J = 8.2 Hz, IH), 6.38 (d, J = 16 Hz, IH), 5.21 (t, J = 3.2 Efz, IH), 4.76 
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(d, J = 5 Hz, IH), 4.48 (dd, J = 7.1 Hz & 3 Hz, IH), 3.64 (s, 3H), 3.56 (dd, J = 22.9 Hz & 

9.5 Hz, 2H), 2.26 - 2.12 (m, IH), 2.10 - 1.88 (m, 3H), 1.73 - 1.50 (m, 2H), 1.21 - 1.12 (m, 
IH), 0.84 (d, J = 6.6 Hz, 3H), 0.81 (d, J = 6.6 Hz, 3H) 

Synthesis of compound C 

A solution of the aziridine containing peptide 26b(90 mg, 0.3 mmol) and triethylamine 
(0.04 mL) in THF (2 mL) was cooled to 0 °C in an ice bath. To it was added a solution of 
cinnamoyl chloride (50 mg, 0.3 mmol) in THF (2 mL). The solution was warmed to room 
temperature after complete addition of cinnamoyl chloride and stirred for a further 6 h. 
The solvent was removed and the resulting residue was taken in EtOAc (10 mL/mmol) 
and washed with saturated solution of NaHCOs (2X3 mL) water (2X3 mL) and brine 
(2X3 mL). The organic phase was separated, dried (Na 2 S 04 ) and concentrated to give a 
residue which was subjected to flash column chromatography (Silica gel- 
EtOAc;Hexane- 3:2) to yield compound C as the major product in good yields(60%) as a 
solid (M.P = 63°C). 

^H NMR, 400 MHz, CDCL, 6 7.66 (ddd, J = 12 Hz, 8.3 Hz & 5.5 Hz, IH), 7.56 - 7.44 
(m, 4H), 7.53 (d, J = 16.1 Hz, IH), 6.20 & 6.14 (d, J = 7.3 Hz, 0.4H & 0.6 H), 5.90 - 5.76 
(m, IH), 5.18 (ddd, J = 17.1 Hz, 1.7 Hz & 1.5 Hz, IH), 5.11 (td, J = 10.2 Hz & 1.5 Hz, 
IH), 4.80 & 4.74 (d, J = 7.3 Hz, 0.6H & 0.4H), 4.63 - 4.59 (m, IH), 4.04 - 3.99 (m, IH), 
3.80 (dt, J = 5.6 Hz & 1.5 Hz, 2H), 3.57 (dd, J = 10 Hz & 3.7 Hz, IH), 2.39 - 2.36 (m, 
IH), 2.16-2.08 (m, IH), 2.04 -1.94 (m, 2H); MS m/z 430 (M"), 345, 307, 279, 181, 154 

Synthesis of CCP containing pentapeptide (28) 

A solution of N-cinnamoyl-leucine (35 mg, 0.13 mmol) in dichloromethane (10 mL) was 
cooled to 0 °C in a ice-bath and triethylamine (0.02 mL, 0.12 mmol) was added to it 
while stirring, followed by HOST (18 mg, 0.13 mmol). The reaction mixture was stirred 
for 10 min and the aziridine containing peptide (50 mg, 0.12 mmol) was added, followed 
by stirring at 0 °C for 10 min. Then DCC (28 mg, 1.3 mmol) and triethylamine (0.02 mL, 
0.12 mmol, 1.1 equivalents) were added. The solution was warmed to room temperature 
and stirred for a fixrther 18 h. The reaction mixture was diluted with DCM (10 mL) and 
the organic layer was washed with saturated solution of NaHCOs (2X3 mL), water (2X3 
mL) and brine (1X3 mL). The organic layer was separated, dried (Na2S04) and 
concentrated in vacuo to yield a residue which was subjected to flash column 
chromatography (Silica gel - EtOAc:hexane - 4: 1) to yield the pentapeptide 28 as a solid 
(M.P. - 163 -165 °C) in good yields (61 %), [ajo^^ = -12 °(c = 0.001, CH 2 CI 2 ). 

*H NMR, 400 MHz, CDCI 3 6 7.81 (d, J = 8.2 Hz, IH), 7.50 (d, J = 15.4 Hz, IH), 7.41 - 
7.23 (m, 5H), 7.19 - 6.99 (m, 5H), 6.43 (d, J = 8.7 Hz, IH), 6.28 (d, J = 15.4 Hz, IH), 
5.97 (t, J = 5.8 Hz, IH), 5.90 (d, J = 10.7 Hz, IH), 5.87 - 5.76 (m, IH), 5.17 (d, J = 18.3 
Hz, IH), 5.06 (d, J = 9.5 Hz, IH), 4.59 (d, J = 10.7 Hz, IH), 4.46 (m, IH), 4.37 (dt, J = 

5.6 Hz & 1.4 Hz, IH), 4.24 (dd, J = 4.8 Hz & 2.1 Hz, IH), 4.24 (dd, J = 4.8 Hz & 2. 1 Hz, 
IH), 4.08 (dd, J = 6. 1 Hz & 2.4 Hz, IH), 4.00 - 3.93 (m, IH), 3.83 - 3.78 (m, IH), 3.76 - 
3.72 (m, IH), 2.26 - 2.20 (m, IH), 2.16 - 1.90 (m, 2H), 1.73 (bs, IH), 1.20 - 1.16 (m, 
2H), 0.93 - 0.89 (m, IH), 0.81 (t, J = 7.3 Hz, 6H), 0.67 (d, J = 6.4 Hz, 6H); MS m/z 
673(M^, 634, 613, 543, 482, 460, 443, 392, 329, 307, 289, 273, 242, 154, 136 

Synthesis of azido alcohol (30) 

To a solution of ethyl-3 -phenyl glyddate (192 mg, 1 mmol) in methanol (8 mL) was 
added NaNa (195 mg, 3 mmol) and NHtQ (1 18 mg, 2.2 mmol) followed by water (1 mL) 
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and the reaction mixture was stirred at ambient conditions for 18 h. The solvent was 
removed to give a residue which was taken in EtOAc (15 mL) and washed with water 
(2X5 mL) and the organic layer was dried (Na2S04) and concentrated in vacuum to yield 
a residue which was purified by subjection to column chromatography (Silica gel- 
EtOAc;hexane- 1:7) to yield the corresponding azido alcohol in good yields(68%). 

NMR, 80 MHz, CDCI3, 5 7.58 (s, 5H), 5.19 (d, J = 5.6 Hz, IH), 4.94 (d, J = 4.6 Hz, 

IH), 3.82 (q, J = 4.5 Hz, 2H), 2.01 (t, J = 5.6 Hz, 3H); IR v^ax 3300 - 3200 (br), 2910, 

2880, 1750, 1660 

Synthesis of conformationally constrained phenylalaninate (31) 

To a solution of the azido alcohol 30 (1 17 mg, 0.5 mmol) in CH3CN (4 mL) was added 
triphenylphosphine (131 mg, 0.5 mmol) in portions, with vigorous stirring at ambient 
conditions. The reaction mixture was stirred for a further 0.5 h at ambient temperature 
after complete addition of PPh3, after which, the solution was set to reflux for 6 h. The 
solvent was evaporated under vacuum and the resulting residue was subjected to flash 
column chromatography (Silica gel - EtOAc:Hexane- 1:32) to yield conformationally 
constrained phenylalaninate in good yields (66%). 

^H NMR, 80 MHz, CDCI3, 5 7.58 (s, 5H), 3.89 (q, J = 5.6 Hz, 2H), 3.12 (d, J = 4.1 Hz, 

IH), 2.21 (d, J = 4.1 Hz, IH), 2.01 (t, J = 5.6 Hz, 3H) 

Synthesis of CCP containing peptide (32) 

A stirring solution of N-cinnamoyl-phenylalanine-proline (110 mg, 0.28 mmol) and 
triethylamine (0.04 mL, 0.28 mmol) in THF (10 mL) was cooled to -10 °C in an ice-salt 
bath and to it was added isobutylchloroformate (0.036 mL, 0.28 mmol) and stirred 
vigorously for 50 - 60 seconds. Then a solution of 31 (48 mg, 0.25 mmol) in THF (2 mL) 
was added followed by a solution of triethylamine (0.04 mL, 0.28 mmol) in THF (10 
mL). The mixture was warmed to room temperature by removal of the ice bath and 
vigorously stirred for further 4 h. Triethylamine hydrochloride was filtered off on a 
sintered funnel under suction and washed twice with THF. Removal of solvent from the 
filtrate under vacuo 5delded a residue, which was dissolved in EtOAc (10 mL) and 
washed with saturated aqueous solution of NaHC03 (2X2 mL), water (2X2 mL) and 
brine (1X2 mL). Drying (Na2S04) and evaporation of solvent under vacuo yielded the 
crude product which was further purified by flash column chromatography 
(EtOAc:Hexane-3:2) (TLC - Rf = 0.5; hexane:ethylacetate 7:3) to yield the CCP 
containing peptide 32 as a gum in good yields (61 %) = -0.8 ° (c = 0.001, CH2CI2). 

^H NMR, 400 MHz, CDCI3, 5 7.56 (d, J = 15.84 Hz, IH), 7.54 - 7.50 (m, IH), 7.47 - 7.45 
(m, 2H), 7.41 - 7.29 (m, 7H), 7.26 - 7.17 (m, 5 H), 6.52 (d, J = 8.8 Hz, IH), 6.35 (d, J = 
15.84 Hz, IH), 5.09 (dd, J = 13.4 Hz & 7.3 Hz, IH), 4.69 (dd, J = 7.8 Hz & 3.6 Hz, IH), 
4.30 (q, J = 7.32 Hz, 2H), 4.26 (d, J = 2.4 Hz, IH), 3.75 - 3.66 (m, IH), 3.47 (dd, J = 8.3 
Hz, IH), 3.23 (d, J = 2.4 Hz, IH), 3.16 (dd, J = 9.6 Hz & 7.6 Hz, IH), 3.05 (dd, J = 9.9 
Hz & 5.6 Hz, IH), 2.17 - 2.14 (m, IH), 2.09 - 2.04 (m, 2H), 1.95 - 1.91 (m, IH); IR Vi„a.x 
3300, 2980, 1775, 1675, 1660, 1610, 1438 cm'* 

Synthesis of methyl-N-cInnainoyl-L-phenylalaninate 

To a stirring ice cold solution of cinnamoyl chloride (1.65 gm, 10 mmol) in 
dichloromethane (15 njL) was added methylphenylalaninate hydrochloride (2.37 gm, 11 
mmol) followed by a solution of triethylamine I mL, 22 mmol) in dichloromethane 
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(15 mL) drop wise through a dropping funnel. After complete addition of triethvIaiJih^r' 
Ae reaction rnixmre was vigorously stirred for a further 5-6 h and then diluted^th 

organic layer was washed with saturated aqueous solution 
(Na2S04) and evaporation of solvent under 

^Ided the cnide product which was further purified by column ch^o^oJS 
product as a crystalline white solid (M.P. = 78 °C) in good yields (80 %) ^ 

H NMR, 80 MHz, CDCI 3 , 5 7.62 (d, J = 16 Hz IH) 7 38 - 7 15 tm lOHi t 

16 Hz. IH). 5.08 (dd. , = 13.5 Hz i J - 6 Hz, .li), 3.^5 (s 31^. 3 

Synthesis of N^innamoyl-phenylalanine 

To a stinmg ice cold solution of triethylamine (3.1 mL, 22 mmol) in acetonitrile t30 ml i 
Z m L-Ptaylalanine (1.65 gm, 10 mmol). A solution of cinnamoyl cUoriS (1^7 

S Ih 1- “ ('5 mL) was added drop wise to this solution at such a rate 

that the reaction vessel temperature did not exceed 10 °C After comnlete addition ti, 
^^on mixtme was wanned to room tempemhue and shn^ ™ 

FoBowmg acidificahon and isolation as described in method A yielded ™! !^nn r 

phenylalanine as a sticky white solid in good yields (85 %) ^ 

Synthesis of methyl-N-cinnamoyl-L-phenylalanine-L-prolinate 

A stirring solution of N-cinnamoyl-L-phenvlalanine n 33 am 4 s n 

triethylaniine(0.63rnL 4 5mmolHnW nrmTr f gm, 4.5 mmol) and 

hath o«ri * ■* ’ 7; mmoij in IHE (10 mL) was cooled to -10 °C in an ice-salt 

bath and to it was added methylchloroformate (0.35 mL 4 5 mmoli ct 

S'oride' (998 mlT9fnJolTin DM^O f 

solution of triethylamine (1.4 mL, 9 9 mmol) if Tiff Vl5 nl)^Th ^°^^owed by_A 

C5“,!ira!rw‘'h s rrc-sit 

(^.TiranltS OXlO^rrnXXIor <^Xlo7r).^t 

vacuo yielded the cmdl (Na2S04) and evaporation of solvent under 

Synthesis of N-cinnamoyl-phenylalanine-prollne 

MeOH (20 niL)^.^^aS^l^olSrff^^^^ (1 22 ^ 3 mmol) in 

^d stiiT^ at room temperature until completion of^elLL ^c'^tOrcT^^^^ 

the aqueous part was acidified with L aqueoff st^Sf^onNSrd 

and simultaneous vigorous stirrina Aftlr 1 wise addition 

pmriphate occui TSionfdU^f Hnr^f" 

on audition ol dUute HCl), the resuhmg residue was extracted with 
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dichloromethane (3X10 mL), dried (anhydrous sodium sulphate) and concentrated under 
vacuo to 5 deld N-cinnamoyl-phenyManine-proline, in good yields (72 %) as a gum. 

Synthesis of methyIrN-cinnamoyl-phenylalanine-proiine-phenylalaninate 
(33) 

A stirring solution of N-cinnamoyl-phenylalanine-proline (196 mg, 0.5 mmol) and 
triethylamine (0.07 mL, 0.5 mmol) in THF (2 mL) was cooled to -10 °C in an ice-salt 
bath and to it was added isobutylchloroformate (0.07 mL, 0.5 mmol) and stirred 
vigorously for 50 - 60 seconds. Then a solution of methyl-L-phenylalninate 
hydrochloride (118 mg, 0.55 mmol) in DMSO (0.5 mL) was added followed by a 
solution of triethylamine (0.16 mL, 0.11 mmol) in THF (2 mL). The mixture was warmed 
to room temperature by removal of the ice bath and vigorously stirred for further 4 h. 
Triethylamine hydrochloride was filtered off on a sintered funnel under suction and 
washed twice with THF. Removal of solvent fi’om the filtrate under vacuo yielded a 
residue, which was dissolved in EtOAc (10 mL) and washed with saturated aqueous 
solution of NaHCOs (2X3 mL), water (2X3 mL) and brine (1X3 mL). Drying (Na 2 S 04 ) 
and evaporation of solvent under vacuo yielded the crude product which was finther 
purified by colunm chromatography (EtOAc:Hexane-3:2) (TLC - Rf = 0.4; 
hexanerethylacetate 2:3) to yield methyl-N-cirmamoyl-phenyralnine-proline- 
phenylalninate as a gum in good yields (77 %). 

NMR, 400 MHz, CDCI 3 , 5 7.60 (d, J = 15.9 Hz, IH), 7.50 - 7.48 (m, 2 H), 7.40 (d, J = 
8.3 Hz, IH), 7.37 - 7.35 (m, 3H), 7.26 - 7.12 (m, 5H), 6.74 (d, J = 6.8 Hz, IH), 6.46 (d, J 
= 15.9 Hz, IH), 4.88 (dd, J = 11.6 Hz & 6.6 Hz, IH), 4.80 (dt, J = 8.8 Hz & 5.4 Hz, IH), 
4.44 (d, J = 6.1 Hz, IH), 3.66 (d, J = 4.4 Hz, IH), 3.61 (s, 3H), 3.46 (dt, J = 7.8 Hz & 1.2 
Hz, IH), 3.22 (dd, J = 13.9 Hz & 5.4 Hz, IH), 311 - 2.98 (m, 3H), 2.55 (dd, 1= 16.8 Hz 
& 8.9 Hz, IH), 2.09 - 2.04 (m, 2H), 1.49 - 1.47 (m, IH); IR Data v„ax 3200, 2990, 2880, 
1775, 1650, 1610 

General Procedure for the Synthesis of p-substituted phenylalanine 
derivative containing peptides 

To a solution of the N-cinnamoylated-CCP containing peptide (1 equivalent) in 
corresponding alcohol (10 mL/mmol) was added tosyhc acid (catalytic) and the reaction 
mixture was stirred for 4 h. The solvent was removed and the resulting residue was taken 
in EtOAc and washed with saturated solution ofTSlaHCOs and water. The organic phase 
was separated, dried (Na 2 S 04 ) and concentrated to yield a residue, which was subjected 
to flash column chromatography to yield the required product in good yields. 

Synthesis of p-substituted phenylalanine containing peptide (34a) 

To a solution of the N-cinnamoylated-CCP contdning peptide 26c (60 mg, 0.146 mmol) 
in aUyl alcohol (10 mL) was added tosylic acid (catal 5 rtic) and the reaction mixture was 
stirred for 4 h. The solvent was removed and the resulting residue was taken in EtOAc 
(10 mL) and washed with saturated solution of NaHCOs (2X3 mL) and water (2X3 mL). 
The organic phase was separated, dried (Na 2 S 04 ) and concentrated to yield a residue, 
which was subjected to flash column chromatography (SUicagel; EtOAcrhexane - 4:1) to 
yield the required product in good yields (71%) [ajo^ = -1 1 ° (c = 0.0005, CH 2 CI 2 ). 

^H NMR, 400 MHz, CDCI 3 , 6 7.58 (s, IH), 7.51 - 7.47 (m, 5H), 7.39 - 7.29 (m, 6 H), 6.99 
(d, J = 7.8 Hz, IH), 5.87 - 5.78 (m, 2 H), 4.13 (d, J = 17.6 Hz, 2H), 5.06 (d, J = 10.2 Hz, 
IH), 5.00 (t, J = 8.8 Hz, IH), 4.94 - 4.87 (m, IH), 4.72 (d, J = 7.3 Hz, IH), 4.55 - 4.51 
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(m, IH), 4.38 (t, J = 6.2 Hz, IH), 4.31 (d, J = 4 Hz, IH), 4.06 - 4.00 (m, IH), 3.97 - 3.93 
(m, IH), 3.83 - 3.80 (m, 2H), 3.67 (t, J = 7.8 Hz, IH), 3.58 (t, J = 5.4 Hz, IH), 3.49 - 3.45 
(m, IH), 2.00 - 1.98 (m, IH), 1.82 - 1.63 (m, 3H), 1.53 (dt, J = 12 Hz & 5.1 Hz, 2H), 1.18 
(s, IH), 0.91 (dd, J = 14.3 Hz & 6.6 Hz, 3H), 0.83 (dd, J = 6 Hz & 5.4 Hz, 3H); MS m/z 
eOlOMT), 575, 560, 544, 307, 294, 266 

Synthesis of ^-substituted phenylalanine containing peptide (34b) 

To a solution of the N-cinnamoylated-CCP containing peptide 26c (60 mg, 0. 146 mmol) 
in THF (10 mL) was added tosylic acid (catalytic) and water (0.5 mL)and the reaction 
mixture was stirred for 4 h. The solvent was removed and the resulting residue was taken 
in EtOAc (10 mL) and washed vdth saturated solution of NaHCOs (2X3 mL) and water 
(2X3 mL). The organic phase was separated, dried (Na2S04) and concentrated to yield a 
residue, which was subjected to flaslr column chromatography (Silicagel; EtOAcrhexane 
- 1:3) to yield the required product in good yields (66%) = -8 ° (c = 0.001, 

CH2CI2). 

^H NMR, 400 MHz, CDCI3 5 7.74 (d, J = 15.6 Hz, IH), 7.47 (t, J = 6.8 Hz, IH), 7.45 - 

7.37 (m, 5H), 7.35 - 7.26 (m, 5H), 7.05 (d, J = 7.9 Hz, IH), 5.84 (qd, J = 22.7 Hz & 5.6 
Hz, IH), 5.74(d, J = 6.1Hz, IH), 5.18 (d, J= 17.3 Hz, IH), 5.10 (t, J = 8.8 Hz, IH), 5.04 
(dd, J = 4.8 Hz & 1.8 Hz, IH), 4.69 (dd, J = 8 Hz & 2.4 Hz, IH), 4.39 (dd, J = 17.8 Hz & 

9.6 Hz, IH), 3.88 - 3.84 (m, IH), 3.78 (td, J= 17.36 Hz & 3.7 Hz, 2H), 3.69 (dd, J= 15.7 
Hz & 8.1 Hz, IH), 2.32 - 2.27 (m, IH), 2.12 - 2.05 (m, IH), 2.01 (dd, J = 16.6 Hz & 9.3 
Hz, IH), 2.32 - 2.227 (m,l H), 2.12 - 2.05 (m, IH), 2.01 (dd, J = 16.6 Hz & 9.3 Hz, IH), 

I. 83 (t, J = 4.2 Hz, IH), 1.59 - 1.49 (m, 2H), 1.26 - 1.22 (m, IH), 0.88 (dd, J = 11.16 Hz 
& 6.4 Hz, 6 H); MS m/z 561(]vr), 543, 504, 477, 455, 420, 398, 341, 307, 289, 268, 200, 
188, 154, 131 

Synthesis of ^-substituted phenylalanine containing peptide (34c) 

To a solution of the cinnamoylated-CCP containing peptide 26c (60 mg, 0.146 mmol) in 
dry methanol (10 mL) was added tosylic acid (cat^54ic) and the reaction mixture was 
stirred for 4 h. The solvent was removed and the resulting residue was taken in EtOAc 
and washed with saturated solution of NaHCOs and water. The organic phase was 
separated, dried (Na2S04) and concentrated to yield a residue, which was subjected to 
flash column chromatography (Silicagel; EtOAcrhexane - 4:1) to yield the required 
product in good yields (60%). 

^H NMR, 400 MHz, CDCI3, 6 7.74 (d, J = 15.6 Hz, IH), 7.54 (dd, J = 3.9 Hz & 1.7 Hz, 
IH), 7.44 - 7.37 (m, 6H), 7.33 (d, J = 2.9 Hz, 4H), 7.13 (d, J = 7.8 Hz, IH), 5.84 (td, J = 

16.6 Hz & 5.6 Hz, IH), 5.22 (d, J = 10.1 Hz, IH), 5.12 (d, J = 9.1 Hz, IH), 4.70 (dd, J = 
8.8 Hz & 2.4 Hz, IH), 4.56 (dd, J = 8.5 Hz & 4.1 Hz, 11^, 4.41 (td, J = 18 Hz & 4.2 Hz, 
2H), 3.91 - 3.87 (m, 2H), 3.81 - 3.74 (m, IH), 3.70 (dd, J = 16 Hz & 9.2 Hz), 3.17 s, 3H), 

2.37 - 2.33 (m, IH), 2.21 - 1.82 (m, 3H), 1.61 - 1.44 (m, 2H), 1.25 (bs, IH), 0.87 (dd, J = 

II. 5 Hz & 6.6 Hz, 6 H); MS m/z 575 (Nf), 543, 477, 455, 420, 398, 329, 307, 289, 268, 
228,200,176,154,131 
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